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When bombarded with high speed deuterons, argon 
gas is found to yield a radioactive product which emits 
negative electrons, and decays with a period of 110+1 
minutes. Chemical tests show that the activity is due to an 
isotope of argon, and the reaction involved is doubtless 
A®+H?=A"+H!. Absorption measurements of the £- 


particles indicate that their maximum energy is about 


1.1 MV. This is in satisfactory agreement with the results 
of a cloud chamber study of their distribution curve made 
by Kurie, Richardson and Paxton, which shows a strong 
group with an upper limit at 1.5 MV, and apparently 


O many new radioactive isotopes have re- 

cently been created by the action of neutrons 
and high speed charged particles upon stable 
substances that an element for which no induced 
radioactivity has been reported is almost a rarity. 
Argon has been one of the few elements in this 
category. It may be of interest therefore to report 
the activation of argon by bombardment with 
deuterons and neutrons, and to describe the 
identification and some of the properties of the 
radioactive substance thereby produced. 


EXPERIMENTAL 


The magnetic resonance accelerator of Law- 
rence and Livingston! served as a source for the 
high speed deuterons and (in later tests) for the 
neutrons used in activating the argon. In the 


* 1851 Exhibition Scholar, McGill University, Montreal. 
1E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 
608 (1934). 


MV 


is accompanied by the emission of a 


also a weak group with an upper limit at about 5 


The radioactivity 
y-ray, the energy of which is 1.39 MV, as measured by 
the energies of its Compton recoils in a cloud chamber. 


The excitation function of the radioactivity favors the 


Oppenheimer-Phillips theory for this type of reaction, 


rather than the Gamow theory for the penetration of the 
potential barrier by a charged particle. The same radio- 
active substance has been made by subjecting argon to 
an intense bombardment with neutrons. 


present form of this apparatus, it is possible to 
allow the deuteron beam to emerge from the 
vacuum through a thin platinum window so that 
it passes across the closed inner end of a brass 
tube recessed in the wall of the accelerating 
chamber (Fig. 1). In order to bombard argon 
with deuterons it was therefore necessary merely 
to close off the region traversed by the deuteron 
beam with a vacuum-tight seal, penetrated only 
by a slender tube to be used for introducing and 
withdrawing the sample of gas. This tube led 
either (a) to a Hyvac pump, or (b) to a mercury 
transfer pump and argon reservoir. The transfer 
pump was used to fill the bombarding chamber 
with argon at any desired pressure, and (after 
bombardment) to remove the activated gas and 
convey it to a thin-walled vessel. The latter was 
then sealed off, and the sample was ready for 
examination. This technique was used whenever 
a fairly strong sample of active gas was required; 
it has an advantage in that it avoids possibilities 
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Fic. 1. Experimental arrangement used for activating 
argon with deuterons. For activation with neutrons, a 
beryllium target is introduced at X. 


of contamination such as would arise, for ex- 
ample, in the collection of active recoils propelled 
by the deuterons onto a piece of metal placed in 
the path of the beam in an atmosphere of argon. 


THE DeEcAY PERIOD OF THE RADIOACTIVITY 


The first measurements of the decay period 
were made with samples of commercial argon 
which was roughly 90 percent pure. Samples 
were activated on three occasions with about 1 
microampere of 3 MV deuterons, the activation 
lasting about one hour. The radioactivity induced 
was moderate in intensity, and its decay was 
followed for three half-lives or more with a 
quartz-fiber electroscope of the Lauritsen type.’ 
Readings were started 20 minutes after cessation 
of bombardment. Each sample gave evidence of 
only one decay period, the mean value of which 
was 108+3 minutes. Later an additional de- 
termination was made with a sample of 99 per- 
cent pure argon, more strongly activated by 
bombardment for 1} hours with 3 microamperes 
of 5-MV deuterons. The decay of this sample was 
followed over a factor of 1000 with a pressure 
ionization chamber connected to an F.P. 54 


* J. Read and C. C. Lauritsen, Phys. Rev. 45, 433 (1934). 
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electrometer tube and a d.c. amplifier. (I am 
indebted to Dr. S. N. Van Voorhis for the use of 
this apparatus.) The decay curve is reproduced in 
Fig. 2; it will be seen that the semilogarithmic 
plot is quite accurately linear, and indicates a 
half-life of 1101 minutes.* 

The sign of the emitted particles was observed 
by collecting some of the active recoils upon a 
piece of platinum, and placing the platinum in a 
cloud chamber in a magnetic field. The particles 
had a negative charge; only a very few positives 
were observed, which could easily be attributed 
to a slight carbon contamination of the platinum. 


IDENTIFICATION OF THE RADIOACTIVE ISOTOP! 


According to Aston,’ argon possesses two 
isotopes; their masses are, respectively, 36 and 
40, and A* exists in less than one percent of the 
abundance of A*®. This fact alone makes it 
probable that the heavier isotope is involved in 
making the new radioactive substance ; however, 
it is well for the sake of completeness to consider 
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Fic. 2. Decay curve for radioactive argon, obtained with 
high pressure ionization chamber. Half-life: 110+! 
minutes. 


* Because of a misprint, this period was erroneous!) 
quoted as 10+1 minutes in an earlier report (Phys. Rev. 
49, 207 (1936)). 

3F, W. Aston, Mass Spectra and Isotopes (Longmans, 
Green and Co., 1933). 
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the six possible reactions which might be expected 
to take place. They are 


sA®. 44 JH? ,A37. 4 HE, (1 
sA%: 404 H21,Cl. 384,Hel, (2 
rsA%6 4H? > ig X37 ot om!, (3) 


Of these the third is unlikely because K" is a 
common isotope which certainly does not have 
the radioactive properties which are here de- 
scribed, while K** would be expected to emit 
positive electrons, and not the negatives which 
are found to decay with the 110-minute period. 
As regards the second reaction, a chemical test 
was carried out which showed that the radio- 
activity was not due to an isotope of chlorine. A 
small amount of chlorine gas was added to 
the activated argon, and the mixture was 
slowly drawn through a copper trap containing 
powdered antimony spread upon small pieces of 
filter paper. The trap was provided with a thin 
wall made of 0.001-inch copper, through which 
radioactive 8-particles could escape. The experi- 
ment was done at room temperature, and a:so 
with the trap immersed in liquid air. In both cases 
no chlorine passed the trap, and the trap showed 
no activity after the residual active gas was 
flushed out: all of the activity followed the argon 
which had passed through. The reaction therefore 
is undoubtedly of type (1), and the active isotope 
is probably A‘. This identification is supported 
not only by the relative abundance of A*® and 
A”, but by the fact that A" would then decay to 
a known and (presumably) stable potassium 
isotope : 


AMK" +e, 


whereas if A*” were the active body the radio- 
active change 


A®??>K37 + ¢- 


would lead to potassium isotope which is un- 
known, and the existence of which in a stable 
form would constitute a violation of the ‘‘odd 
number rule.” 

The identification of A" as the carrier of the 
110-minute activity is in accord with the form of 
the excitation function for the radioactivity, and 
with the results of the bombardment of argon by 
neutrons. These matters are dealt with later in 
the paper. 
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Fic. a Absorption curve tor the 8-rays of radio-argon in 
aluminum. Erratum: In the scale of abscissae, the figures 
to the right of 0.80 should all be multiplied by 10. 


THE RADIOACTIVE 8-PARTICLES 


The absorption of the 8-particles was studied 
by fixing a sample of the active gas two inches 
from a quartz fiber electroscope and ionization 
chamber, and placing between them various 
thicknesses of aluminum absorber. Three differ- 
ent tests yielded similar curves, one of which is 
reproduced in Fig. 3. It will be seen that when the 
absorber thickness reaches 1.6 mm of aluminum 
the 8-rays are apparently entirely absorbed, and 
there remains a well-marked y-ray background. 
Applying Feather’s* empirical rule relating the 
maximum range of 8-rays with their energy, one 
obtains the value 1.1 MV for the maximum 
energy of the particles emitted by radioactive 
argon. 

A more detailed study of the argon §-ray 
spectrum has been carried out by Kurie, Richard- 
son and Paxton,® who have recently examined the 
B-ray spectra of several artificially prepared 
radioactive light elements by measuring the 
curvature of the tracks in a hydrogen-filled cloud 
chamber traversed by a magnetic field. They 
have found that in general the shapes of their 
distribution curves are in very good agreement 
with the Konopinski-Uhlenbeck*® modifications of 
the Fermi theory of continuous 8-ray emission, 
and have accordingly adopted the practice of 
obtaining the upper limits of the spectra by fitting 


‘N. Feather, Phys. Rev. 35, 1559 (1930). 

°F. N. D. Kurie, J. R. Richardson and H. C. Paxton 
Phys. Rev. 49, 368 (1936). 

* E. J. Konopinski and G. E. Uhlenbeck, Phys. Rev. 48, 
7, 107 (1935). 
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the shapes of the curves with theory, and ex- 
trapolating to an upper limit. The extrapolation 
usually gives a value for the upper limit which is 
somewhat greater than the energy of the fastest 
particle observed, and is rendered necessary by 
the fact that the number of particles having 
energies which approach the upper limit is, ac- 
cording to the Konopinski-Uhlenbeck theory, so 
small that there is little chance of observing them 
in a cloud chamber without measuring so many 
tracks as to make the problem wholly imprac- 
ticable. In the case of argon, Kurie, Richardson 
and Paxton have found evidence for two groups 
of 8-particles. The lower energy group has an 
upper limit of 1.5 MV, and the higher (and 
relatively much less abundant) group has an 
upper limit which is tentatively set at about 5 
MV. The tracks were obtained by collecting 
active recoils upon a piece of clean platinum 
placed in the deuteron beam as it traversed an 
atmosphere of argon, and then placing the sample 
in a recess in the cloud chamber. The sample was 
allowed to “age” before photographs were taken, 
in order to allow activities due to short period 
contaminants to subside. To ensure that the high 
energy component of the spectrum was not due to 
a contaminant on the platinum, nor to the 
platinum itself, a trace of the activated gas was 
later fed into the cloud chamber. Examination of 
some thirty photographs taken under these con- 
ditions showed that the high-energy tracks were 
still present in about the same relative number 
as before. 

The results of this cloud chamber work are not 
in disaccord with the absorption measurements. 
The thinly populated high energy group could 
not be expected to be separable with the electro- 
scope from the y-ray background, and the upper 
limit of 1.5 MV found by the method of Kurie, 
Richardson and Paxton for the lower energy 
group is in good enough agreement with the 
value 1.1 MV given by Feather’s rule. 


THE RADIOACTIVE y-RAYs 


The energy of the y-rays emitted from radio- 
argon has been studied by Mr. J. R. Richardson,’ 
who has measured the curvature of the tracks of 


7 J. R. Richardson, Phys. Rev. 49, 203 (1936), and later 
work, as yet unpublished. 
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the Compton recoils in a cloud chamber in a 
magnetic field. The recoil electrons were driven 
from a lamina of mica placed inside the chamber. 
Mr. Richardson finds that the y-ray spectrum of 
radio-argon consists of a single line, which has an 
energy of 1.39 MV. 


THE EXCITATION FUNCTION FOR THE 
RADIOACTIVITY 

To investigate the nature of the transmuta- 
tion function for the radioactivity, use was made 
of a method which has become standard in this 
laboratory. A stack of ten platinum foils, each 
having a stopping power of about 1 cm of air, was 
arranged in a holder such that they were equally 
spaced 3.2 mm apart. The stack was immersed in 
argon at atmospheric pressure, and the deuteron 
beam was allowed to pass through the alternate 
layers of platinum and argon so formed. The 
platinum foils served both to retard the beam and 
to collect the activated argon recoils, so that the 
strength of the argon activities on the foils was 
a measure of the yield of radioactive atoms at the 
deuteron energies concerned. Variations in the 
deuteron current during the course of bombard- 
ment caused no trouble, for all foils automatically 
received the same total bombardment. The 
progressive decrease in the intensity of the beam 
due to scattering and to nuclear reactions was 
entirely negligible. 

The stopping powers of the foils were measured 
independently with polonium a-particles. How- 
ever, since the deuterons passing through the 
foils had velocities which for the most part were 
considerably greater than the velocity of the 
a-particles, it was necessary to correct the 
measured thicknesses of the foils to suit the faster 
particles. Mano® has given data relating the 
atomic stopping powers of a number of common 
substances with the velocities of charged particles 
passing through them, and his results were used 
in making the necessary corrections. As applied 
here, however, the corrections may be in error, 
because in using Mano’s formula to calculate the 
stopping power of the platinum for the polonium 
a-particles (and likewise the slower deuterons), 
it was necessary to extrapolate to velocities lower 
than those for which the formula is valid. The 


§G. Mano, J. de physique 5, 628 (1934). 
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Fic. 4. The excitation function for radioactive argon 
experimental points and two theoretical curves. 


stopping powers of the foils were calculated for 
each foil individually and in turn. In the extreme 
case of the fastest deuterons the correction 
amounted to an increase in the measured stopping 
power of the first foil by about 40 percent. The 
similar correction for variation of the stopping 
power of the argon with deuteron velocity was 
negligible, because of its lower atomic number 
and the smaller total retardation for which it 
was responsible. 

The experimental points of Fig. 4 represent the 
results of two measurements of the excitation 
function for the argon radioactivity, obtained 
and corrected in this manner. In both experi- 
ments the initial deuteron energy was measured 
by stopping the deuteron beam in air and 
aluminum foil of known thickness; in the first 
test (circles) the initial deuteron energy so 
measured was 4.5 MY (17.5 cm range), and in the 
second test (dots) it amounted to 5.1 MV (21 cm 
range). In either case this measurement may be 
in error by as much as +0.3 MV. The arrange 
ment of the foils in their holder was reversed 
between the two experiments. The activities of 
the individual foils were measured with the 
electroscope, and the decay of the radio-argon on 
each foil was followed for several hours. The 
activities obtained in the two tests have been 
adjusted in Fig. 4 to fit at the deuteron energy 
of 4.0 MV. 

For comparison with the experimental points, 
the figure also shows the theoretical excitation 


lunctions as given, respectively, by the theory of 
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Gamow® for the penetration of a _ potential 
barrier by a charged particle, and by the theory 
of Oppenheimer and Phillips'® for the ‘‘accept- 
ance” by the bombarded nucleus of the neutron 
belonging to the incident deuteron, and the 
“rejection” of its constituent proton. The curve 
for the Gamow theory has been calculated from 
the formula 


o=K(1/v*)e-***# 


in which o represents the effective cross section 
for the nuclear reaction, K is a proportionality 
constant, v is the velocity of the incident deu- 
teron, and Z is the charge of the bombarded 
nucleus. The “O—P” curve has been calculated 
from the expression given by Oppenheimer and 
Phillips in their paper, using for the binding 
energy of the deuteron the value 2.1 MEV. Ad- 
justment has been made in each case to fit the 
experimental data at the abscissa of 4.0 MV. The 
Oppenheimer-Phillips theory applies only to 
reactions of the type ,x"+,H?=,x"*'+,H!, and 
has been experimentally established by Lawrence 
McMillan and Thornton" for sodium, aluminum, 
silicon and copper. In the case of magnesium also, 
a very clear-cut experimental distinction between 
these two types of excitation function has re- 
cently been given by Henderson." For argon, it is 
apparent that the experimental points give better 
agreement with the theory of Oppenheimer and 
Phillips than they do with the theory of Gamow ; 
this is to be expected, for it is in agreement with 
the identification of A" as the radioactive isotope. 

A second correction might be applied to the 
experimental points in Fig. 4 to allow for the 
variation of recoil range with deuteron velocity, 
for the foils traversed by the faster deuterons 
collect recoils from a greater depth of argon than 
do those traversed by the slower deuterons. 
Lacking a knowledge of the momenta of the 
protons emitted during the reaction, this correc- 
tion has not been made. Its application would 
decrease the slope of the experimental curve, and 
make the agreement with either theoretical curve 
less good. If one neglects the effect of the protons, 


*G. Gamow, Atomic Nuclei and Radioactivity (Oxford 
University Press, 1931). 

10 J. R. Oppenheimer and M. Phillips, Phys. Rev. 48, 500 
(1935). 

FE. O. Lawrence, E. McMillan and R. L. Thornton, 
Phys. Rev. 48, 493 (1935). 

12M. C. Henderson, Phys. Rev. 48, 855 (1935). 
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and assumes that the whole of the momentum of 
the incident deuterons is transferred to the 
argon recoils (certainly a gross over-correction), 
one finds that the slope of the experimental curve 
is decreased by roughly 20 percent. However, the 
uncorrected points, as reproduced in Fig. 4, are 
probably nearer to the true excitation function. 

In the two tests, the argon activities on the 
foils struck by deuterons with an energy of 4 
MEV were equivalent, respectively, to about 1.7 
and 0.8 microcuries, at the time of cessation of 
activation. In the first case, the total deuteron 
bombardment amounted to 90 microampere- 
minutes, and in the second case it amounted to 48 
microampere-minutes. Assuming that the A" 
recoils had a range of 1 mm, the effective cross 
section (oc) for the making of radio-argon is 
found from both tests to have the value of 
roughly 8x10-** cm? for deuterons with an 
energy of 4 MEV. 


ACTIVATION OF ARGON BY NEUTRONS 


It would be expected that radio-argon could be 
made by subjecting argon to the action of 
neutrons; in particular, slow neutrons should be 
especially effective in inducing the 110-minute 
activity. To see if this is so, about 150 cc of argon 
at slightly above atmospheric pressure was 
placed in a cavity at the center of a large paraffin 
block. The block was placed upon the cyclotron 
in such a position that the argon sample was 
about 20 cm from the beryllium target which, 
when struck by 5.5 microamperes of 5 MV 
deuterons, constituted the neutron source. Ac- 
tivation was continued for 80 minutes. The argon 
was then transferred to a thin-walled vessel, and 
tested for radioactivity with the pressure ioniza- 
tion chamber previously mentioned. The activity 
was exceedingly weak. Its decay was followed for 
an hour, but the background fluctuations were 
large enough to render the readings very erratic ; 
however, they were not inconsistent with a decay 
period of 110 minutes. To make the test more 
conclusive, it was repeated with stronger neutron 
activation. In the second test the possible ‘gain 
to be obtained by using slow instead of fast 
neutrons was sacrificed in favor of better 
geometrical conditions. The paraffin block was 
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dispensed with, and the argon (at 1.2 atmos- 
pheres) was contained in a cylindrical volume 
with its axis two inches from the beryllium 
target. A deuteron current of 8 microamperes at 
5.7 MV striking the beryllium provided an ex- 
ceedingly powerful neutron source. Activation 
lasted 60 minutes. The induced activity was again 
found to be very weak when examined in the 
same thin-walled vessel with a quartz-fiber elec- 
troscope. However, it was possible at the time of 
this test to introduce the gas directly into the 
ionization chamber of the electroscope. When 
this was done the rate of discharge was increased 
to about ten times the background, and by 
following the decay for 3} hours, the presence of 
the 110-minute period was definitely established. 
Although these two tests were not designed to 
be in any way quantitative, it is possible to de- 
duce from them roughly the relative efficiencies 
of fast and slow neutrons in activating argon. The 
two activated samples were exposed, respectively, 
to the pressure ionization chamber and to the 
electroscope under geometrical conditions which 
were nearly alike. By knowing approximately the 
relative sensitivities of the pressure chamber and 
of the electroscope, and that the same quantity of 
gas was present in each case, it is estimated that 
the two samples had about the same absolute 
activity. During bombardment, on the other 
hand, the geometrical conditions and the strength 
of the neutron source together favored the second 
sample by a factor of about 30; it can accordingly 
be concluded that the slow neutrons were very 
roughly 30 times more effective in producing 
radio-argon than were the fast neutrons. 
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Radioactive Elements of Low Atomic Number 


W. A. Fow ter, L. A. DeELsaAsso anp C. C. Lauritsen, The W. K. Kellogg Radiation Laboratory, 
California Institute of Technology 


(Received February 21, 1936) 


Radioactive elements of low atomic number have been 
produced by the transmutation of various elements from 
lithium to fluorine by high velocity deuterons. The dis- 
tribution in energy of the electrons and positrons emitted 
by these elements has been determined by employing a 
Wilson cloud chamber traversed by a magnetic field. The 
electron spectra have been found to have maximum ener- 
gies from 5 to 13 MEV while the positron spectra have 


INCE the discovery of artificial radioactivity 

by Curie and Joliot' in 1934 investigations 
have been carried out in many laboratories to 
determine the properties of the emitted radiation 
and the nature of the emitting substances. In 
this laboratory it has been possible to produce 
various radioactive elements of low atomic 
number by bombarding certain of the elements 
from lithium to fluorine with high velocity 
deuterons. It is the purpose of this paper to dis- 
cuss the determination of the half-lives of these 
elements and the distribution in energy of the 
particles which they emit. In addition data will 
be presented concerning the mass-energy bal- 
ances of the transmutations in which these 
elements are involved. 

Among the unstable elements both electron 
and positron emitters have been found. All of the 
electron emitters of low atomic numbers are 
believed to have atomic weights A given in 
terms of their nuclear charge Z by A=2Z+2. 
The elements bombarded in order to produce the 
unstable elements consist in general of two 
isotopes of atomic weights given by A=2Z or 
A=2Z+1, and it is the transmutation of the 
heavier of these which is believed to lead to the 
production of the radioactive nucleus. The 
reaction can be written in general as 


I(a) 2X 7#t1+ JH? X**t?+ H!'+Q), 


where Q; is the amount of energy released in the 
reaction. Present theories of the beta-decay 
postulate the emission of a neutrino v simul- 
taneously with the disintegration electron e 


‘Curie and Joliot, Comptes rendus 198, 254 (1934). 
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maximum energies from 1 to 2 MEV. The form of the 
spectra has been found to be in agreement with a modifica- 
tion of the Fermi theory of beta-decay proposed by 
Konopinski and Uhlenbeck. The correlation of the maxi- 
mum energies of the spectra with the energies calculated 
from the reactions in which the radioactive element is 
involved is shown to await a more accurate determination 


of the difference in mass between the neutron and proton. 


In order to complete the electronic structure of 
the stable atom resulting from the disintegration 
an extranuclear orbital electron e9~ must be 
added. Hence, when written in the form in which 
atomic masses may be employed, the equation 
representing the radioactive disintegration is 


I(d) 2X 2? t2- >241 VY +e — €¢ +v+(Qr, 


where ,,, Y?*** is a stable isotope of the element 
of next higher atomic number. The same isotope 
is produced in the reaction 


I(c) X?#+14 JH,4, ¥*#2+ ot! +-Qs. 


It will be of some interest to compare the energy 
released in this transmutation with the total 
energy change in the first two reactions. This 
comparison is accomplished by combining the 
above three equations into the form 

I(d) Qi t+Q2—Qs=(om'—,H') —»=0.5 MEV. 

The positron emitters of low atomic numbers 
have atomic weights given by A=2Z—1 and 
when produced by deuteron bombardment 
result from the transmutation of the lighter 
isotope of the element of next lower atomic 
number, the reaction being 


II(a) 2X 7#+ ,H?—,,; Y***"+ on! 4+-73. 
The radioactive disintegration with the emission 
of a positron et is represented by 
T1(b) gyi YRS XH + et+en-+74+ Te 
and the reaction which leads directly to the final 
stable nucleus is 


II(c) .X**+,H*®—,X**t!+,H'+7;. 
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The above three equations can be reduced to the 
form 


II(d) 7\+ 7.-T = (,H!— 9n') 
—et—e,—v=—-1.5 MEV. 


EXPERIMENTAL TECHNIQUE 


The high voltage equipment employed for the 
acceleration of the bombarding deuterons has 
been described previously.2 In this series of 
experiments peak voltages from 600 to 1000 kv 
and currents of the order of one microampere to 
targets three millimeters in diameter were 
employed. 

Targets of the elements to be disintegrated 
were placed at an angle of 45° with the incident 
beam in a cylindrical holder projecting into a 
horizontal Wilson cloud chamber as shown in 
Fig. 1. The electrons or positrons entered the 
chamber through a thin copper foil soldered over 
a window cut in the holder opposite the target. 
A quartz ring, visible through a glass section of 
the ion tube, fluoresced under bombardment and 
made it possible to direct the beam on to the 
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Fic. 1. Arrangement of the target assembly, cloud 
chamber and Helmholtz coils used in the determination of 
electron and positron distributions in energy. 


> Crane, Lauritsen and Soltan, Phys. Rev. 45, 507 (1934). 
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target. Movement of the chamber necessary to 
line up the beam was permitted by a sylphon in 
the ion tube. In studying radioactive effects of 
half-lives greater than one-tenth second, a 
magnetically operated shutter in the ion tube 
was closed and the anode voltage of the ion 
source cut off during the chamber expansion so 
that only delayed effects were observed. 

The chamber proper in which tracks were 
produced measured 15 cm in diameter and 4 cm 
in depth. A flexible rubber diaphragm formed the 
seal between the piston and the chamber wall. 
Compression of the chamber was accomplished 
by applying compressed air to a sylphon con- 
nected to the piston by a drive shaft. An ad- 
justable expansion ratio stop and a dash pot were 
located between the piston and the operating 
sylphon. The chamber was operated on a cycle 
of approximately 16 seconds, the timing of all 
the necessary equipment being electrically con- 
trolled from a motor-driven contact system. 

The magnetic field in which the paths of the 
electrons or positrons were bent in order to 
make energy determinations possible was pro- 
vided by a pair of Helmholtz coils concentric 
with the chamber and at equal distances above 
and below it. The magnetic field was measured 
with a fluxmeter and searchcoil calibrated in an 
accurately known field. Calculations from the 
dimensions of the coils yielded values five per- 
cent lower than the measured values, the dis- 
crepancy being certainly due to the imperfectly 
known geometry of the coils. The field was 
found to vary less than one percent across the 
face of the chamber. 

Photographs were taken normal to the plane 
of the chamber. These photographs were re- 
projected through the same optical system to 
actual size and the curvature of the tracks 
measured by visual comparison with arcs of 
known radii of curvature drawn on heavy white 
paper. The successive arcs differed in radius by 
one-half centimeter. A typical cloud chamber 
photograph is shown in Fig. 2. 


ERRORS OF MEASUREMENT 
The determination of the distribution in energy 
of the electrons and positrons is subject to 
several errors which it is well to enumerate 
before considering the results obtained for the 








By 
to 
ite 
he 





RADIOACTIVE ELEMENTS 





Fic. 2. Electrons from the disintegration of Li’. Magnetic 
Field = 1500 gauss 


various spectra. Of primary importance is the 
scattering of the particles by the gas and vapor 
in the chamber. Single scatterings greater than 
one or two degrees can be detected and tracks so 
scattered must in most cases be rejected. Since 
scattering is inversely proportional to the square 
of the energy of the particle, a greater fraction 
of the low energy tracks is rejected. Scatterings 
less than one degree are in general undetectable 
and cause a spread in the distribution which is 
especially troublesome at the high energy end 
of the spectrum where the actual number of 
tracks is small. The scattering can be greatly 
reduced by employing gases of low atomic 
weight in the chamber. However, this advantage 
is somewhat offset by the increased difficulty 
in accurately measuring the less dense tracks 
secured in the low weight gases. 

In high energy spectra a second source of 
error becomes important. This error arises be- 
cause it is impractical to diaphragm the electrons 
emerging from the target so as to restrict elec- 
trons of all energies to the same observational 
solid angle. Since tracks of small curvature can 
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be of measurable length within regions closer to 
the target than tracks of large curvature, the 
low energy end of the spectrum is favored. 
However, only tracks of which the radius of 
curvature is of the order of the diameter of the 
chamber or less are so favored. 

Since stereoscopic pictures were not taken an 
error arises from the angle made by the particles 
with the magnetic field. The actual particle 
energy is obtained by dividing the measured 
energy by the sine of the angle with the field. 
For observed tracks this angle is greater than 
80°, introducing a maximum error of about two 
percent. 

Precautions must be taken to shut off the beam 
completely during the chamber expansion so as to 
avoid photographing electrons ejected from the 
target assembly by gamma-rays given off during 
the bombardment. Contamination effects are 
troublesome ;oxygen and nitrogen occluded in the 
targets and carbon deposited during bombard- 
ment are the worst offenders. Additional errors 
arise from a small spread in the loss of energy 
of the particles as they pass through the foil 
separating target from chamber, from deviations 
in the magnetic field value, from imperfect 
reprojection and from human fallibility in 


measuring tracks. 


ANALYSIS OF THE DATA 


The data secured in the manner described 
above yield the number of tracks corresponding 
to a given J/p value where // is the magnetic 
field employed and p is the track radius to within 
one-half centimeter. Since the momentum of a 
particle of charge e is given by P=TJ/pe/c we 
secure fundamentally the distribution in mo- 
mentum of the particles. The observed particles 
have lost momentum in passing through the foil 


between target and chamber so that 
TT p=] porns tbl p), 


where 6(J/Jp) for a foil of known material and 
thickness can be calculated from the data given 
in Chapter XIV of Radiations from Radioactive 
Substances, by Rutherford, Chadwick and Ellis. 
The fact that 6(//p) for a given foil decreases with 


increasing //p necessitates a small correction in 
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the number of tracks observed within a given [7p 
interval in order to secure the correct relative 
number in that interval. 

Since in connection with the production of 
radioactive nuclei the quantities of interest are 
the average energy, the most probable energy, 
and the maximum energy of the emitted particles 
we have thought it advisable to plot the data as 
a distribution in energy. This can be done by 
employing the relations 


N(E)AE=N(Hp)AHp, 


E=moc*{_ (1+ (1 pe, moc*)*)'—1 


=(0.51[ (1+ (7p/1700)?)'—1] MEV., 


ITI p e€ 
AE =e———AH p= 0-All p 


E+myoc* ( 


where mp is the rest mass, v the velocity, / the 
energy and /Ipe/c the momentum of the elec- 


trons. 


THEORETICAL FORMULAE 


In order to account for the continuous distri- 
bution in energy of the natural beta-particles and 
to retain the principle of the conservation of 
energy in the transition between the quantized 
parent and daughter nuclei, Pauli was led in 
1928 to postulate the simultaneous emission with 
the electron of a particle with zero charge, spin of 
one-half and small rest mass. The name neutrino 
has since been given to this particle. The distri- 
bution in momentum of the electrons has been 
calculated by Fermi* upon certain assumptions 
as to the coupling energy between the electron- 
neutrino field and the nucleus. For low atomic 


numbers his result is 
N(9.)dne = cn2ndn-, 


where n,-=J/p/1700 is the electron momentum 
in units m0¢, n, is the neutrino momentum in the 
same units, and C is a factor approximately in- 
dependent of the momenta for small z. A modifi- 
cation by Konopinski and Uhlenbeck* employing 


® Fermi, Zeits. f. Physik 88, 161 (1934). 
* Konopinski and Uhlenbeck, Phys. Rev. 48, 7, 107 
(1935). 
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a different interaction energy yields 
N(n)dne= nnd n-. 


From the theoretical formulae it is possible to 
determine the ratio of the maximum energy 
to the average energy of the electron or positron 
For large energies compared to myc* this ratio 
is found to be 2.0 on the Fermi theory and 2.6 
on the Konopinski-Uhlenbeck modification. 

A correlation between the observed distribu- 
tions and the theoretical formulae was attempted 
by Crane, Delsasso, Fowler and Lauritsen’ in the 
cases of Li’ and F*°. Professor J. R. Oppenheimer 
pointed out that the observed asymmetry of the 
spectrum was in agreement with the Konopinski- 
Uhlenbeck formula and it was found possible to 
secure by trial fair agreement with this formula 
It has since been pointed out by Kurie, Richard 
son and Paxton® that the two theoretical for- 
mulae can be expressed in the form 


(N ne) V/e=kR((1 +7’; x)i 1+? 


where a=2 on the Fermi theory and a=4 on 
the Konopinski-Uhlenbeck modification. Thus 
plots of (N/(Hp)*)'/* against [1+ (/7p/1700 =] 
should be linear for a=2 if the Fermi form of the 
interaction energy is correct and for a=4 if the 
Konopinski-Uhlenbeck form is correct. If such a 
linear plot is secured extrapolation to the abscissa 
yields the maximum value of the electron mo- 
mentum from which the maximum energy can 
be computed. Such plots have been made for all 
the data and will be discussed in connection 
with the separate radioactive elements 


ELECTRON EMITTERS 


The electron emitters discussed in this paper 
are distinguished by short half-lives and high 
energy spectra. The half-lives of Li* and B” 
of 0.5 and 0.02 second, respectively, made it 
feasible to bombard only for a short time 
before expansion in order to effect a saving of 
deuterium. In the case of B®”, bombardment 
actually took place during expansion but runs 
made with absorbers about the target tube 


‘Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 47 
971 (1935). 

6 Kurie, Richardson and Paxton, Phys. Rev. 48, 16 
1935) 
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showed that the number of electrons ejected by 
gamma-rays was negligible. In all other cases 
bombardment was continuous except at the 
actual time of expansion and film exposure so 
that an equilibrium state yielding the maximum 
number of disintegrations per second was 
reached. Air at a pressure of one atmosphere and 
ethyl alcohol vapor were employed in the 
chamber. In order to collimate electrons of the 
energies found (~10 MEV) it would have been 
necessary to employ lead diaphragms up to one 
centimeter in thickness with consequent large 
probability of scattering from the faces of the 
aperture. For this reason an aperture as large as 
the target was cut in the side of the holder facing 
the chamber. This aperture was covered by a 
copper foil of 0.6 MEV stopping power in the 
case of B® and of 0.3 MEV stopping power in the 
cases of Li* and F*. The solid angle of observa- 
tion was determined by the illumination of the 
chamber and was of the order of 47/25. The use 
of air in the chamber and the use of large aper- 
ture windows, although acting in opposite 
directions in distorting the distribution in energy, 
make the spectra secured uncertain in the low 
energy regions. Magnetic fields of 1500 gauss 
were employed, the maximum radius of curva- 
ture of the tracks in this field being 30 centi- 


meters. 


POSITRON EMITTERS 


The positron emitters discussed in this paper 
are characterized by spectra having maximum 
energies of the order of 2 MEV or less. The 
targets were placed in a cylindrical brass holder 
of 3/32 inch wall thickness, this thickness being 
sufficient to stop electrons of energies up to 3 
MEV. Positrons of all energies were restricted 
to the same observational solid angle by a 
window 1/16 inch wide in the wall of the holder. 
The solid angle was of the order of 47/100. 
One-mil copper foil was soldered over the win- 
dow. The correction for average loss of Hp in 
such a foil is 100 gauss-centimeters for million- 
volt electrons and 230 gauss-centimeters for 
100-kilovolt electrons. The low energies of the 
positrons also necessitated the use of a gas of 
low scattering power in the chamber. Helium 


was employed at 100 cm pressure with ethyl 
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alcohol as the vapor. Helium was preferred to 
hydrogen because of its larger viscosity and a 
consequent slower fall of the tracks within it. 
Magnetic fields of 540 gauss were used, the 
maximum radius of curvature of the tracks being 
15 cm. 

In the following paragraphs the spectra and 
half-lives of Li’, B’, C", N¥, N'®,O" and F?? will 
be discussed in the order of their investigation in 
this laboratory. In addition, work done on the 
products accompanying the formation of these 
elements with special reference to the energy 
balances of the reactions involved will be 
presented. 

BY 

Electrons from the disintegration of boron by 
deuterons were first reported from this labora- 
tory.’ From the spectrum of 1773 tracks taken 
from 1000 photographs the maximum energy 
was estimated to be 11 MEV and the average 
energy to be 4.5 MEV. From a count of the 
number of tracks observed for chamber expan- 
sions occurring at different times after bombard- 
ment, the half-life of B' was found to be approxi- 
mately 0.02 second. 

A plot of the data for comparison with the 
Fermi theory and the Konopinski-Uhlenbeck 
modification is shown in Fig. 3. The Konopinski- 
Uhlenbeck plot is seen to be linear whereas the 
Fermi plot is definitely curved. Due to the 
uncertainty in the spectrum below 3 MEV 
the agreement with the Konopinski-Uhlenbeck 
theory in this region may be fortuitous. It is 
felt, however, that the remainder of the spectrum 
is sufficiently reliable to indicate a serious disa- 
greement with the predictions of the Fermi 
theory. Extrapolation of the linear curve to the 
abscissa yields (1+ 7? max)!= 26.6 so that E> y4x 
13.0 MEV. This value is 1.5 MEV higher than 
the energy of any observed track. 

In the original letter it was proposed that the 
B" was formed in the reaction 


;B'+,H? »>BY+,H'+Q, 
and that it disintegrated according to 


BY ,C2+e>—eo + +Q2. 


7 Crane, Delsasso, Fowler and Lauritsen, Phys. Rev. 47, 
887 (1935). 
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Fic. 3. Fermi and Konopinski-Uhlenbeck plots for the 


electrons from B*. 


By bombarding the target during the chamber 
expansion and by employing foils of approxi- 
mately 65-cm stopping power, it was possible 
simultaneously to observe electrons and the 
longest range group (92 cm) of the protons 
first reported by Cockcroft and Walton*® from 
the disintegration of boron by deuterons. Ap- 
proximately 20 electrons per proton were ob- 
served and hence it was pointed out that these 
protons could not accompany the formation of 
B", Since two other proton groups at 58 cm and 
30 cm were reported by the same observers to be 
of approximately the same intensity as the 92 
cm group, they were ruled out on similar grounds. 
A much more intense group at 9+2 cm was 
taken as determining an upper limit for Qh. 
Some evidence has since been found in this 
laboratory which would indicate that even these 
low energy protons are not produced in quanti- 
ties equal to the disintegration electrons. In any 
case Q;=2.5 MEV. 

The two reactions given above were compared 
with 

;B"+,H? 

8 Cockcroft and Walton, Proc. Roy. Soc. Al44, 704 

(1934). 


>gCi* 4 9g! + Os, 
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where Q; was taken as approximately equal to 
13 MEV in with unpublished 
measurements made by Bonner and Brubaker. 
The masses proposed by Bethe® yield Q;=12.2 
+1.3 MEV. Upon calculation of Q2 it was found 
that 


accordance 


5B? =,C"+11 MEV 

and upon comparison with the observed values 
of E~max~11 MEV and E~-,,~4.5 MEV it was 
concluded that the energy lost by B® in dis- 
integrating into C” corresponded to the upper 
limit of energy of the electron spectrum. The 
large energy involved in the electron spectrum 
and the fact that only the mass difference be- 
tween the neutron and the proton was made use 
of placed this conclusion well beyond the limits 
of experimental error, provided only that the 
reactions assumed were correct. A similar con- 
clusion had been reached by Henderson" from a 
very precise but less direct experiment, namely, 
a comparison of the change of energy around the 
two branches of the Th C to Th D sequence. As 
will be seen later, this result is important in con- 
nection with the energy consideration of reac- 
tions involving the production of positron emit- 
ters where more accurate experimental data are 
available. It will be assumed in the subsequent 
material that the difference in mass of a radio- 
active element and the resulting product is given 
by 

~+e) +». 


cAm=E~, 


ux Te 
In our previous notation we can therefore write 
Qe= FE max and 72=F* max. Evidence for a very 
small or zero neutrino mass will be presented 
later. 
Li® 

In a Letter to the Editor of the Physical 
Review, Crane, Delsasso, Fowler and Lauritsen® 
showed the distribution in energy of 1646 elec- 
trons obtained from 1000 cloud chamber photo- 
graphs of tracks obtained by bombarding a 
lithium chloride target with deuterons. It was 
shown that the major portion of the spectrum 
could be represented by the Konopinski- 
Uhlenbeck formula if the maximum energy was 
assumed to be slightly greater than the end point 
given by inspection at 10 MEV. The agreement 


’ Bethe, Phys. Rev. 47, 633 (1935). 


10 Henderson, Proc. Roy. Soc. Al47, 572 (1934) 
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between the observed and theoretical distribu- 
tion is clearly shown in Fig. 4. From this plot the 
maximum energy is found to be 11.2 MEV. 

The formation of Li® was attributed to the 
transmutation of Li’, the reaction being 


3Li?+,H? >3Li8+ iH! + Qi. 


Disintegration of the Li’ was believed to result 
in the formation of Be‘ or of two alpha-particles 
according to 


sLi8—,Be*+e-—eo-+7+Q2 


3Li8—>2,Het+e-—eg-+7+Q2’. 


Measurement of the half-life of the Li* by count- 
ing the number of tracks observed for chamber 
expansions occurring at different times after 
bombardment yielded 7 =0.5 second. 

The protons believed to accompany the forma- 
tion of Li’ were reported by the authors in 
November, 1935." By observing, in the cloud 
chamber, protons emitted by a lithium oxide tar- 
get under deuteron bombardment at 700 kv peak 
two distinct groups were found at 31.7+0.5 cm 

















is 25 


Vi+ (ey 


Fic. 4, Konopinski-Uhlenbeck plots for the electrons from 
Li$ and F*, 


" Delsasso, Fowler and Lauritsen, Phys. Rev. 48, 848 


(1935). 
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and 26+1 cm. The longer range protons were 
first reported by Cockcroft and Walton® and 
were shown by Oliphant, Shire and Crowther” 
to be due to the transmutation of Li® by deu- 
terons into Li’. The 26-cm particles were equal 
in number to about one-fifth the number of the 
longer range particles and were found to corre- 
spond to the number of electrons from Li’ 
within a factor of two or three. Their energy 
was given as 4.34+0.1 MEV yielding Q,=4.3 
+0.1 MEV. Upon comparison with 


3Li’+ ,H*—,Be’+ on'+ Qs, 


where Q0;=14.3+40.5 MEV from measurements 
made by Bonner and Brubaker,* we can calcu- 
late that Q2=10.5+0.6 MEV which corresponds 
closely to the maximum energy of the electron 
spectrum. 


F? 0 


Upon bombardment by fast deuterons a 
calcium fluoride target was found to emit elec- 
trons of approximately one-half the maximum 
energy found in the cases of lithium and boron. 
The spectrum of 1363 tracks obtained from 800 
cloud chamber photographs has been published 
previously.’ It was found possible to adjust 
the Konopinski-Uhlenbeck curve with end point 
at 5.2 MEV to the observed data although the 
end point by inspection allowing for scattering 
seemed to be at approximately 4.8 MEV. A 
graph of the data for comparison with the 
Konopinski-Uhlenbeck theory is shown in Fig. 4. 
Four tracks of much greater energy than the 
remainder of the tracks have been omitted as 
they were thought to be due to minute contami- 
nation of the target holder by lithium or boron. 
From this plot we find that E~na.=5.9 MEV. 
Using an ionization chamber we found the half- 
life to be about 12 seconds. 

In looking for the protons accompanying the 
formation of F*° we have observed two groups of 
particles with ranges at 15.5 and 10.0 cm from 
calcium fluoride under deuteron bombardment 
at 900 kv. The group at 15.5 cm is most certainly 
due to carbon or deuterium deposited on the 
target during bombardment, while the group 


12 Oliphant, Shire and Crowther, Proc. Roy. Soc. A146, 
922 (1934). 
* Bonner and Brubaker, Phys. Rev. 47,.973 (1935). 
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at 10.0 cm could be due to oxygen adsorbed on 
the target. However, protons of this last range 
have not been observed in the same quantities 
from other targets under deuteron bombardment. 
These protons have energy 2.5+0.2 MEV so that 
if they accompany the formation of F*° in the 
reaction 

gF!9+ ,H?—,F*°+,H'+Q, 
we have Q,=1.7 MEV. Using this value and 
F!®= 19.0041" we find F*°= 20.0084. The disin- 
tegration of F*® results in the production of 


Ne” according to 
gk *°—+,oNe*°+e- — eg +7+Qz, 


from which the mass of Ne?® is calculated to be 
20.0021. This value is approximately 3 MEV 
higher than the value given by Bainbridge" when 
corrected to the scale of masses proposed by 


Bethe. 
N33 


Since the discovery of N", the first artificially 
produced radioactive element, numerous at- 
tempts have been made to measure its half-life 
and to determine the maximum energy of the 
positrons which it emits. Recent measurements 
by Allison’ at Cambridge give the half-life as 
10.3+0.3 minutes in agreement with the orig- 
inal value 10.3 minutes given by Crane and 
Lauritsen.'® 

In order to secure accurately the shape of the 


spectrum and to get a fair estimate of the maxi- 
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Fic. 5. The distribution in energy of the positrons from N™. 


‘8 Henderson, Livingston and Lawrence, Phys. Rev. 46, 
38 (1934). 

'4 Bainbridge, Phys. Rev. 43, 424 

% Allison, Bull. Am. Phys. Soc. 10, 20 

© Crane and,Lauritsen, Phys. Rev. 45, 430 
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Fic. 6. Fermi and Konopinski-Uhlenbeck plots for the 


positrons from N*, 


mum energy we were prompted to eliminate as 
far as possible scattering and solid angle distor- 
tions in the manner described previously. The 
distribution in energy of 1762 tracks from 3000 
photographs secured by bombarding carbon with 
700-kv deuterons is shown in Fig. 5. By inspec- 
tion, the maximum energy appears to be 1.25 
MEV. The Konopinski-Uhlenbeck plot in Fig. 6 
is seen to be linear while the Fermi plot is 
definitely curved. The maximum energy from 
the Konopinski-Uhlenbeck plot is 1.45+0.1 
MEV. A similar linear plot and the same maxi- 
mum energy has been secured by Kurie, Rich- 
ardson and Paxton at Berkeley.” 

An analysis of the effect of errors in measure- 
ment casts some doubt upon the significance of 
agreement of the Konopinski- 


the apparent 
with experiment. If the 


Uhlenbeck formula 
upper portion of the N™ spectrum were actually 
a linear curve extending from 0.5 to 1.1 MEV as 
one might be led to believe from the form of the 
curve, then the tail of the curve could be ascribed 
to observational error. A curve of the form 


17 Kurie, Richardson and Paxton, Phys. Rev. 49, 368 
(1936). 
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N(x) =R( Emax —E) = —kRx 


can be shown to be transformed by Gaussian 
errors with probable error d=0.477/h' into a 
curve with the expression 


k kx 2 7 
N(x) = e's — [ - | e “ax 


2(arh)? z 
Employing this equation we have found that a 
probable error or deviation of six percent would 
account completely for the observed tail of the 
curve. It is felt that deviations of the magnetic 
field, scattering, and other errors yield a spread 
somewhat smaller than this, but certainly a 
number of the tracks with energy greater than 
1.1 MEV can be accounted for in this way. There 
still remains then some uncertainty in determin- 
ing the value of the maximum energy from 
the observed distribution in energy. 

This problem can of course be solved by an 
investigation of the energy changes in the re- 
actions describing the modes of disintegration of 
carbon by deuterons. The reactions are 


6C?+,H? . +, N 3+ on! + Ti, 
7N8—,C¥’+e++e.-+ 7+ T», 


6C?+,H? >,C8+,H!+7;. 


The above reactions have been discussed by 
Tuve and Hafstad,'* by Newson,'? by Bonner, 
Delsasso, Fowler and Lauritsen,”® and by Kurie, 
Richardson and Paxton.” 

Since the bombarding potential enters into the 
experimental determination of 7 and 7; we have 
thought it desirable to measure the energy of the 
protons and neutrons produced by incident 
deuterons of the same energy under identical 
experimental conditions. Employing a cloud 
chamber filled with methane the energy of the 
recoil protons making an angle of not more than 
16° with neutrons produced at right angles to 
880-kv peak deuterons has been found by Bonner 
and Brubaker*! to extend from 0.10 to 0.35 MEV. 
With these data they calculate 7, to be —0.37 
+0.03 MEV. We have measured the residual 
range of protons ejected from a carbon target at 
90°+5° with the incident deuteron beam. The 

‘8S Tuve and Hafstad, Phys. Rev. 48, 106 (1935). 

'? Newson, Phys. Rev. 48, 790 (1935). 

*® Bonner, Delsasso, Fowler and Lauritsen, Phys. Rev 


49, 203 (1936). 
*t Bonner and Brubaker (unpublished). 
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protons passed through a copper foil of approxi- 
mately 5 cm of air stopping power (9.6 mg/cm? 
into an air-filled cloud chamber employing ethyl 
alcohol as a vapor and operating at an expanded 
pressure of 116 cm of mercury at 28°C. The mean 
stopping power was taken to be 1.50+0.05 from 
the range of polonium alpha-particles observed 
under the same conditions. The range of the well- 
known alpha-particles from the reaction 


3Li?+ ,H'—2:He'+@Q 


was used for calibrating the foil. With the value 
QO=17.06+0.06 MEV given by Oliphant, Kemp- 
ton and Rutherford” it was calculated that these 
alpha-particles should have an extrapolated 
range of 8.8 cm when produced by 650-kv 
protons. From the data of Mano” corrections 
were made for the variation in stopping power of 
the foil with the velocity of the particles. The 
abscissa in Fig. 7 represents range in centimeters 
of air under normal conditions of pressure and 
temperature. The distributions in range of both 
the alpha-particles from lithium bombarded by 
650-kv peak protons and from carbon bombarded 
by 600-kv peak deuterons are shown, the greater 
sensitivity of proton ranges to energy contrib- 
uted by the bombarding particles being clearly 
evident. Examples of the tracks from carbon are 
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Fic. 7. The distribution in range (760 mm, 15°C) of the 
protons from carbon bombarded by 600-kv peak deuterons 
and of the alpha-particles from lithium bombarded by 
650-kv peak protons. 


*? Oliphant, Kempton and Rutherford, Proc. Roy. Soc 
A149, 406 (1935). 
*3 Mano, J. de phys. et rad. 5, 628 (1934). 
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PABLE | Vea range nd energ Dr ns produ 
bomobare , 
PEAK BOMBARDING MEAN Rad 
POTENTIAL (J PROTONS EN x¥ (L 
600 kv 13.5 cm 2.96+0.06 ME\ 
750 14.8 3.12+0.15 
900 16.4 3.32+0.15 


shown in Fig. 8. The maximum range intercept 
was taken as corresponding most closely to the 
extrapolated range of the particles produced at 
85° with bombarding ions corresponding to the 
peak voltages. The proton straggling was taken 
as approximately 3 mm and in Table I, again 
using data from Mano, we give the mean range 
and energy of the protons produced by deuterons 
at various peak voltages. 

The data are consistent within the experi- 
mental error and using the formula 

T= (1/13)[14E, —11E,—2(2E,E,)! cos 6], 
where 6=85° we find 7;=2.65+0.07 MEV in 
agreement with the value 7;=2.7+0.1 MEV 
previously reported by Cockcroft and Walton.°* 
The value 2.65 MEV has also been given by 


Livingston and Lawrence." 





Fic. 8. Protons from the disintegration of C® by 600-kv 
deuterons after passage through a foil of 4.8-cm stopping 
power. Stopping power of air and vapor in chamber = 1.5 
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It will be noted that the assumption has been 
made that no gamma-rays are emitted in con- 


nection with either the observed protons or 
neutrons. Gamma-rays from carbon bombarded 
by deuterons have been reported by Crane and 
Lauritsen* and by Tuve and Hafstad.'* The 
latter observers give the yield as one quantum 
per 10° incident deuterons at 950 kv and _ thé 
energy of the gamma-rays as 3.7 MEV. In this 
laboratory the same energy was found but the 
efficiency of production was much lower. Crane 
and Lauritsen originally found 3 quanta per 10° 
deuterons at 900-kv peak and 3 quanta per 10 
deuterons at 700-kv peak. Recent estimates 
from cloud chamber measurements yield values 
slightly lower than these. Tuve and Hafstad 
find a yield of 3 protons per 10° deuterons at 
950 kv, we find 2 per 10’ at 650-kv peak and 
Cockcroft and Walton report 2 per 10° at 500 kv.’ 
Allison” gives the efficiency for production of 
N® at 520 kv as 4 per 10° deuterons. Definite 
exclusion of gamma-rays from the reactions of 
interest is impossible on the above evidence, but 
it will be evident from the following discussion 
that the disintegration energies of the reactions 
can be made consistent without introducing 
gamma-rays of the observed energy. 

The difference in the masses of the neutron and 
the hydrogen atom cannot be directly measured 
but is determinable from the disintegration of 
the deuteron by gamma-rays. The most recent 
work, that of Feather, yields a packing energy 
of 2.26 MEV for the deuteron. Using Bain- 
bridge’s** masses for deuterium and hydrogen 
as adjusted by Bethe to fit Het=4.00336 as 
standard we find on'— ,H'=0.00051 =0.48 MEV. 
Recalling formula II (d) and assuming a zero 
neutrino mass, we find Et..,=1.52 MEV. 
Bonner and Brubaker” have recently given 
values of the mass of the deuteron from disinte- 
gration data which yields om!'—,H'=0.00078 
=0.73 MEV and F*,,,..=1.27 MEV.* We thus 
have two values of the maximum energy of the 


“4 Crane and Lauritsen, Phys. Rev. 45, 435 (1934). 

25 Feather, Nature 136, 467 (1935). 

6 Bainbridge, Phys. Rev. 43, 103; 44, 56 (1933) 

27 Bonrer and Brubaker, Phys. Rev. 49, 19 (1936). 

* Note added in proof. The mass spectrographic values fot 
hydrogen (1.00812) and deuterium (2.01471) given recentl) 
by Aston, Nature 137, 357 (1936) yield on!—,H' =0.00089 
=0.83 MEV and a still lower maximum value for the 


positron spectrum, namely 1.22 MEV. 
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Fic. 9. The distribution in energy of the positrons from O*. 


positron from the energy balance of the double 
reactions between which it is difficult to decide. 
On the other hand, the maximum energy from 
the observed spectrum is by inspection equal to 
1.25 MEV and on the Konopinski-Uhlenbeck 
extrapolation to 1.45 MEV. A decision between 
these values seems to us to be at present im- 
possible. In any case, the discrepancy is of the 
order of 250 kv so that it can be estimated that 
the neutrino mass is less than one-half the elec- 
tron mass. 
oO 

Radioactive O" was first produced by McMil- 
lan and Livingston*’ who found the half-life to be 
126+5 seconds. We have bombarded a fused 
target of sodium nitrite with 900-kv peak deu- 
terons and obtained a total of 528 tracks from 
1800 photographs. The distribution in energy 
of these positrons is shown in Fig. 9 and the 
Konopinski-Uhlenbeck plot in Fig. 10. We find 
by inspection E+,,,.=1.7 MEV and from the 
Konopinski-Uhlenbeck extrapolation E+ »,.x = 2.0 
MEV. The positrons were attributed to 


7NM+ 1H? 46 )5 + on! + 7, 
s04—,N + et +o +v+ T», 


since sodium has not been found to yield posi- 
trons under deuteron bombardment and the 
formation of F' from oxygen takes place only 
for bombarding potentials above 2 MEV.!® 
Since Q; has not as yet been determined an 
energy balance with the reaction 


7N“+ ,H?—,N%+ ,H!+7;, 


*® McMillan and Livingston, Phys. Rev. 47, 452 (1935). 
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where 7;=8.0+0.3 MEV” cannot be attempted 
and it suffices to point out that the neutrons 
should have an energy equal to 4.2 MEV for 
deuterons of zero bombarding potential. 


N“ 


On the photographs obtained in bombarding 
sodium nitrite about 110 tracks of negative 
electrons which could be divided into two dis- 
tinct groups were counted. The first group 
terminated at approximately 2 MEV and can be 
attributed to Na™ produced from the sodium in 
the target while the second group (equal in 
number to about five percent of the number of 
positrons) extended up to 6 MEV and is prob- 
ably due to N" produced according to 


7N%+,H? >N'4 iH'+ 0, 
and disintegrating according to 
7N'*—,0'§+ e- —e9-> + 74+Onr. 


This group has an average energy of 2.5 MEV 
which yields a maximum energy from the 
Konopinski-Uhlenbeck theory of 6.5 MEV. 
The half-life of N'® has been determined by 
Fermi, Amaldi, d’Agostino, Rasetti and Segré*® 
as approximately 9 seconds, the radioactive sub- 
stance being produced by the bombardment of 
fluorine by neutrons with the emission of an 
alpha-particle. Livingston, Henderson and Law- 
rence give the half-life as 10.0+0.5 seconds." 
Ci 

The disintegration of boron by deuterons with 
the production of a positron emitter was re- 
ported by Henderson, Livingston and Lawrence™ 
and by Crane and Lauritsen,” the latter ob- 
servers giving the half-life as approximately 20 
minutes. Recent determinations by Allison’ 
vield a half-life of 21.0 + 0.6 minutes. 

A target of amorphous boron bombarded by 
one-half microampere of 900-kv peak deuterons 
yielded 604 tracks on 1000 photographs. The 
energy spectrum is shown in Fig. 11 and the 


29 Lawrence, McMillan and Henderson, Phys. Rev. 47, 
253 (1935). 

80 Fermi, Amaldi, d’Agostino, Rasetti and Segré, Proc. 
Roy. Soc. A196, 483 (1934). 

3! Livingston, Henderson, and Lawrence, Phys. Rev. 46, 
325 (1934). 

32 Henderson, Livingston and Lawrence, Phys. Rev. 45, 
428 (1934). 
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Fic. 10. Konopinski-Uhlenbeck plots for the positrons 


from C" and O%, 


Konopinski-Uhlenbeck plot in Fig. 10, yielding 
by inspection E+ x= 1.15 MEV and by extra- 
polation Etmsx =1.3 MEV. The positrons have 
been attributed to 


5B!°+ ,H? —,CU+ on'+T,, 
sC'— BU +et+eo-+r74+To. 


Because of the deposition of carbon during 
bombardment and due to the fact that N™ has a 
greater maximum energy than C" it was neces- 
sary to replace targets frequently. With these 
considerations in mind, it is not difficult to ac- 
count for the one or two tracks of energy greater 
than the Konopinski-Uhlenbeck limit. 


Be” and C™ 


The electron emitters described previously 
do not exhaust the possible nuclear structures 
containing two more neutrons than protons. 
Other nuclei of the form ,X**+* are Be'®, C¥ and 
O'S’. The last of these has been found to exist to 
the extent of 0.2 percent in ordinary oxygen® 
and is believed to be stable. The nucleus Be!® 
cannot be unstable by more than 0.3 MEV 


33 Giauque and Johnston, Nature 123, 318 (1929). 
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Fic. 11. The distribution in energy of the positrons from C" 


unless it has an exceedingly long half-life or a very 
small probability of production in the reaction 


4Be®+ iH? +,Bel+ iH! +0; 


since no electron tracks were observed on cloud 
chamber photographs taken when Be® was bom- 
barded by 900-kv deuterons. 

On the 3000 photographs taken when carbon 
was bombarded by deuterons four electron 
tracks between 1 MEV and 5 MEV were ob- 
served. These may be attributed to the disinte- 
gration of C™ produced according to 


gCB+ ,H?—,C 7 j,H!+ 0,1, 


but are most probably due to lithium or boron 
contaminations in the target holder. In con- 
nection with the determination of the range of 
the protons from carbon bombarded by deu- 
terons we observed several tracks of energy 
greater than 4.0 MEV. Dean Wooldridge of the 
Norman Bridge Laboratory furnished us with 
carbon targets prepared from methane in which 
the proportion of C' had been increased to 6.6 
percent in a diffusion apparatus of the type 
designed by Hertz. An increase in the percentage 
of long range tracks was actually found. If these 
be attributed to the reaction given above then 


6C4=,N"+1.0 MEV 


but the possibility of contamination must not be 
overlooked. Fermi, Amaldi, d’Agostino, Rasetti, 
and Segré*® have bombarded nitrogen with slow 
neutrons in an attempt to produce C" ac- 
cording to the reaction 


zN'4+ on! , C4#+ 1H}, 


* Wooldridge and Jenkins, Phys. Rev. 49, 404 (1936) 
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but report no activity. Present evidence indi- 
cates that C™ is at most slightly unstable with 
respect to N"™, 


DISCUSSION OF THE RESULTS 


From the data presented concerning Li’, B", 
and F* it is evident that the Konopinski- 
Uhlenbeck formula is in agreement with the ob- 
served distributions in energy of the emitted 
electrons, although the fact that in the low 
energy regions of the spectra this agreement may 
be accidental must not be overlooked. On the 
other hand, the Fermi distribution is definitely 
in disagreement with the observed spectra in 
regions unaffected by the particular experimental 
arrangements employed. 

If the observed positron spectra have not been 
distorted by errors in measurement exceeding 
the estimated error then some significance is to 
be attached to the correspondence with curves 
of the Konopinski-Uhlenbeck type. Agreement 
with the Konopinski-Uhlenbeck theory has also 
been found by Kurie, Richardson and Paxton" 
in the cases of the electron and positron emitters 
which they have investigated. The question of 
the reliability of the maximum energies given by 
extrapolation of the Konopinski-Uhlenbeck plots 
can only be answered when a more accurate 
value of the mass difference between the neutron 
and the hydrogen atom is available or when ex- 
periments for unambiguously determining the 
end points of the spectra have been devised. 

We have incorporated in Table II the nu- 
merical results of the investigations outlined 
above. The maximum energies of the spectra as 
given by inspection and by the Konopinski- 
Uhlenbeck extrapolation are given. The atomic 


TABLE II. Summary of data on the radioactivity of elements 
of low atomic number. 





Rapio- 

ACTIVE 

ELE- Prop- Emax (MEV) I av 

MENT UCI HAtr-Lire (Insp.) (K.U.) (MEV) Atomic Mass 
B® «Be® 0.38 9.0140 +0.0010 
eC Bu 21+0.6 min. 1.15 1.3 0.43 11.0136+ .0012 
NB «C8 = 10.3+.3 min. 1.25 1.45 0.49 13.0095+ .0008 
10% =N% 12645 sec. 1.7 2.0 0.62 15.0085+ .0006 
Fr © 70 sec. 2.1! 2.4 17.0077 + .0003 
aLi «Bes 0.5 sec. 10.0 11.2 3.86 8.01854 .0005 
sBiz gC? 0.02 sec. 11.0 13.0 4.75 12.0176+ .0014 
N% O18 10+.5 sec 6.0 6.5 2.5 16.0069 + .0010 
F% »Ne* 12 sec 5.0 5.9 2.06 20.0084 (?) 
* Meitner 

* Kurie, Richardson and Paxt 
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masses of the radioactive elements have been 
computed by using the Konopinski-Uhlenbeck 
maximum energies and the masses of the ap- 
propriate stable elements as given by Bethe. 
The half-lives listed are those yielded by the 
most recent investigations. The average energies 
of the spectra have been computed in the usual 
manner from the observed distributions. The 
data on F" have been given by Kurie, Richard- 
son and Paxton” and Newson!® and on B® by 
Meitner.*® 

A rapid decrease of the half-lives with in- 
creasing maximum energies is indicated by the 
tabulated results. The Konopinski-Uhlenbeck 
theory predicts a more rapid decrease than the 
Fermi theory but too close correlation with the 
observed results cannot be attempted in view of 
the dependence of the factor C in the distribu- 
tion in momentum on a matrix element con- 
taining the wave functions of the nucleus which 
may vary from element to element. 

On the neutrino theory of positron decay, the 
binding energy of the parent nucleus must ex- 
ceed that of the daughter nucleus by the differ- 
ence in mass between neutron and proton, plus 
the rest masses of positron and neutrino, plus the 
maximum energy of the positron spectrum. If 
this excess be AW, then 


AW~ Et maxt1.5 MEV. 


Now all the positron emitters which we have 
examined are built up of p protons and p—1 
neutrons; the nuclei which are formed by their 
disintegration have p—1 protons and p neutrons. 
The change in binding energy from parent to 
daughter nucleus is thus to be ascribed entirely 
to the electrostatic repulsions between protons, 
if we suppose that all other forces are symmetric 
between neutron and proton. Since the contribu- 
tion of this electrostatic repulsion to the energy 
of a nucleus with p protons is 


[p(p—1)/2]Je(1/r), 
where (1/r) is the mean of the reciprocal of the 
distance between protons, we are led to believe 
that the energy gain from the conversion of a 
proton to a neutron should be 


AW~ (p—1)e(1/r) 


% Meitner, Nature 22, 420 (1934). 
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and thus should increase with atomic number. 

As is seen from the values in the table, this in- 

crease is nearly linear and corresponds to the 

nearly constant and quite reasonable value 
(1/r)~3.5 X10" cm“. 

The high energy of the electron emitters Ls. 
B”, N'® and F?° can be understood on the basis 
of their disintegration into the tightly packed 
nuclei Be’, C!®, O'8§, and Ne®®. The nuclei Be!®, 
C™, and O'* can be classed together as represent- 
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ing stable or at most slightly unstable configura- 
tions. 

In conclusion we wish to express our apprecia- 
tion to Dr. Robert Serber and Dr. J. R. Oppen- 
heimer for discussions of the theoretical aspects 
of these investigations, to Kurie, Richardson 
and Paxton for sending us a copy of their 
manuscript before publication, to Dean Wool- 
dridge for preparation of the carbon targets 
containing an increased percentage of C"™, and 
to the Seeley W. Mudd fund for financial sup- 
port. 
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The paper attempts a critical discussion of the situation 
pertaining to the magnetic field in a piece of magnetized 
iron, particularly in relation to the deflecting force which 
it produces on high speed charged particles passing through 
it. On the Lorentzian theory the magnetic induction, B, 
is the average value of the true magnetic field H, averaged 
throughout the magnetic material. In this average, regions 
inside the magnetic entities responsible for the polarization 
make contributions which determine the whole difference 
between B and the ordinary macroscopically defined field, 
h, equal to B—4rJ. A study is made of the special case 
where the entities are rotating electrically charged spheres. 


INTRODUCTION 


HE interest of the problem cited in the 

above title arose, primarily in connection 
with experiments on the deviation of charged 
particle cosmic rays in passing through mag- 
netized iron. A simple application of the Lorentz- 
ian theory seemed to require that the magnetic 
induction B was the vector concerned in the 
deviation while the first experiments performed! 
seemed to lead to the conclusion that the mag- 
netic intensity / was the vector operative. Subse- 
quent work? has given rise to conclusion that a 


1B. Rossi, Accad. Lincei, Atti 11, 478 (1930); B. Rossi, 
Nature 128, 300 (1931); L. M. Mott-Smith, Phys. Rev. 39, 
403 (1932). 

L. Alvarez, Phys. Rev. 45, 225 (1934); W. F. G. Swann 
and W. E. Danforth, Phys. Rev 


*. 45, 565 (1934). 


If the entities are very small in volume the chance of a 
point electron missing all of them in its passage through a 
reasonably small length of the magnetized material is 
considerable. It appears that for such electrons as miss 
the entities the effective deflecting force is determined on 
the average by h+27J. The true average for all electrons 
passing through the material is determined by B=h+4rl; 
but, that average is contributed to in appreciable amount 
by very few electrons which experience deflections much 
in excess of those determined by B. These considerations 
have important consequences in relation to the interpreta- 


tion of experimental results. 


vector being between B and /: is the vector 
really involved. It is not our purpose to discuss 
here these experiments, or the validity of their 
interpretation. It will suffice to say that the 
results to date are such as to suggest that, in such 
experiments, the elements operative involve fea- 
tures of greater complexity than would be sug- 
gested by the most naive view of the matter 
which regarded the iron as the magnetic equiva- 
lent of a bundle of continuous tubes of induction. 
The purpose of the present paper is to look into 
certain of the theoretical elements concerned in 
some degree of detail. In this task we meet at the 
outset certain difficulties which must be faced. 

In the first place while recognizing that the 
problem should be discussed ultimately in terms 
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of wave-mechanical principles, we shall in the 
present investigation confine our attention to an 
approach founded purely upon classical electro- 
dynamics, in the belief that the essential elements 
which the discussion will reveal are of such a 
nature as to have their representatives in wave- 
mechanical story. Even in confining ourselves to 
the classical treatment, however, certain elements 
of fundamental difficulty present themselves. A 
piece of magnetized iron owes its state of mag- 
netic polarization to the presence of a number of 
polarized entities. In the older views, these en- 
tities were represented by the revolutions of 
electrons around the atomic nuclei. Each atom 
was the statistical equivalent of a number of 
amperian whirls, which, in turn, were the equiva- 
lents of magnetic doublets at distant external 
points. A more modern picture associates the 
magnetic entities with the spins of the electrons. 
Wave mechanically, this spin is something which, 
for each electron, has symmetry with respect to 
the center of coordinates of the atom to which 
it belongs. In our treatment we shall idealize the 
problem by supposing that the entity is a uni- 
formly rotating sphere of radius a, carrying a 
uniform surface charge density. Such an entity 
gives a uniform field for its interior and a field the 
equivalent of that of a magnetic doublet at all 
external points. Then, even in the absence of a 
resultant orientation, the entities will exert forces 
upon moving charges passing near them, so that 
there will be a magnetic scattering action in the 
absence of magnetic orientation. In our ideal 
problem we shall have to discard this feature in 
the belief that, to a first approximation, the 
alterations of the deviation produced by orienting 
the magnetic entities is calculable from the ideal 
problem of the passage of electrons through the 
medium with its entities completely oriented and 
adjusted in strength to produce the resulting state 
of magnetization under consideration. Again, 
if the magnetic entities were to be regarded as 
having a nature in any way similar to rotating 
electrons of classical dimensions, the problem of 
what happens when another electron passes 
through one of them becomes of serious moment. 
The question arises as to whether forces exist 
which would prevent such penetration. The 
classical equation of motion for an electron gives 
the force per unit charge on it as E+[wlI]/c, 


st 
~I 
st 


when E is the electric field, w is the velocity of 
the electron, H/ is the true magnetic field at a 
point, and c the velocity of light. The significance 
of this quantity must be viewed with many mis- 
givings when the vectors E and H vary to an 
extent comparable with the whole of their values 
over the volume of the electrons whose motion is 
under discussion, and where the electron and the 
rotating shell actually penetrate each other. The 
possibility of the electron penetrating the mag- 
netic entity must not be dismissed as an event 
whose probability of occurrence is negligibly 
small; for, as will presently be seen, the magnetic 
fields in the interior of the entities plays an im- 
portant part not only in providing for the differ- 
ence between / and B but in determining the 
average deflection of the electron in passing 
through the magnetized material. 

To sum up, therefore, the present investigation 
is founded upon the consideration of an ideal 
problem in which a definite assumption is made 
as to the nature of the magnetic entity, in which 
all the magnetic entities are oriented alike in the 
magnetized state, and in which the charged par- 
ticle whose deflection is studied is regarded as a 
point which traverses the magnetic entities as 
well as the space between them and experiences 
everywhere a force given by the Lorentzian 
theory in the form [w/7}/c. 


1. REVIEW oF CERTAIN GENERAL MATTERS 
PERTAINING TO POLARIZED MEDIA 


For the benefit of those who are not specialists 
in electrodynamics, it will be of advantage to 
review certain matters which are well known but 
whose relationship to one another is not always 
evident. Those to whom these matters are well 
known may desire to omit this section (Section 1). 


Definitions 


In what follows, we shall use P, u, E, I, for the 
electric density, velocity, electric field and mag- 
netic field at an ideal point in the medium, inside 
or outside an atom, or even inside an electron. 
c is the velocity of light. We shall denote the 
electronic velocity as a whole by w. 

When passing to a material medium, it will 


become necessary to consider vectors macro- 


scopically defined. The only ones which concern 
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us are e, hh, P, D, Band J, which are, respectively, 
the electric field intensity, the magnetic field 
intensity, the dielectric polarization, the di- 
electric displacement, the magnetic induction, 
and the intensity of magnetization. The defini- 
tion of these quantities varies according to the 
theoretical avenue of approach from the sub- 
macroscopic to the macroscopic case. 


The primitive electrostatic and magnetostatic 
macroscopic theory 

The elementary theory of dielectric and mag- 
netic media made prior to the Lorentzian and 
allied theories still figures prominently in the 
thoughts of most physicists so that a word is 
necessary concerning it. The theories for the 
dielectric and magnetic cases are exactly the 
same. The magnetic medium, for example, is 
represented by a distribution of polarization, or 
magnetization, arising from magnetic doublets. 
It is a mathematical fact that such a distribution 
of doublets produces, at points external to the 
medium, a potential equal to that which would be 
produced by a fictitious distribution of mag- 
netism of volume density p; and surface density 

a, given by 
pp= —div 7, (1) 


os=T,,. (2) 


where the subscript ” refers to the normal 
component. 

If we now define, as the magnetic intensity in 
the medium, a quantity /, which is to be under- 
stood as the field calculable from magnets or 
currents outside the medium plus the field 
calculable by the law of inverse squares at the point 
in the medium by use of the fictitious magnetic 
“charges” aforesaid,’ this definition of endows 
it with the characteristic given by 


4rp;= —div h, (3) 
which, by combination with (1) tells us that 


div (h+4rJ) =0. (4) 


3 The definition is preferred in contrast to the usual 
definition in terms of the actual magnetic field in an elon- 
gated cavity with axis parallel to J, to which definition it is, 
however, equivalent. It will be observed that h, calculated 
as it is in part from the smothered out fictitious distribu- 
tions py and ay is itself mathematically continuous in the 
body of the medium. 


SWANN 


The vector h+47J thus has an important prop- 
erty, and so it constitutes a new vector valuable 
in our discussions, which vector we call the 
magnetic induction B, so that 


B=h+4rl. (5 


The electrostatic case proceeds in the same 
manner, except that / and J are replaced by e and 
P, and (4) has as its analog 


div (e+4rP)=p (6 


the right-hand side being now no longer zero since 
the possibility of the presence of real volume 
density p of electricity must be admitted. The 
definition of D then follows as 


D=e+4rP (7) 
and Eq. (6) becomes div D=p. (8 


It is of interest to observe that, in the develop- 
ment of the theory, the order of appearance of 
the vector is ]—/h-—B for magnetism, and in exact 
correspondence, P—e—D for dielectric theory. 

A further step of less fundamental significance 
is taken in seeking the actual field at the center 
of a spherical cavity in the interior of the 
medium. This field is h’, where 


h’=h+4rI/3 (9 


for magnetism, with a corresponding expression 
e’=e+4nP/3 for the dielectric case. The cus- 
tomary derivations then proceed to show that 
when the spherical hole is refilled with the ma- 
terial which may be imagined to have been 
removed from it, the field h’(or e’) may be re- 
garded as the actual field at the point occupied by 
one of the doublets, and due to all of the other 
doublets in the medium, and to external influ- 
ences, provided that the doublets are fortuitously 
distributed in space or are distributed with 
cubical symmetry. The writer feels that very 
little fundamental significance can be attached to 
the quantity h’ (or e’) as above provided for. For 
the case of cubical symmetry it has significance 
only at the center of one of the entities, and has 
no immediate relation to the forces on an electron 
traveling between the entities, for example. For 
the case of fortuitous distribution of the doublets, 
with respect to each other, and so with respect to 
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points in space, the quantities h’ (or e’) would not 
represent the actual field at one of the doublets 
due to all causes other than itself, but only the 
average of such fields. In any particular case 
there would be large fluctuations from the 
average, depending upon the degree of proximity 
of the nearest doublets. With regard to the actual 
field at a point between the doublets, 4’ (or e’) 
again represents an average for the case of 
fortuitous distribution, but there are large 
fluctuations from this average in any particular 
case. The significance of h’ (or e’) will appear in 
much less distorted form as a result of considera- 
tions to be presented later. 


The Lorentzian theory of polarized and mag- 
netized media 


In the hands of Lorentz, the starting point is 
the assumption that, on a sufficiently fine grained 
scale, there are no absolute discontinuities of 
field, and the real fields E and J/ are controlled by 


the equations for free space, viz., 
(1/c)(4rpu+(d0E/dt)) =curl J, (10) 
4rp=div E, (11) 
— (1/c)(d/T/dt) =curl E, (12) 
0=div JI. (13) 


The vector B at a point now becomes defined 
macroscopically, as the true volume average 
value of //J, in the vicinity of the point. The 
vector J at a point becomes defined macro- 
scopically, as the true volume average in the 
vicinity of the point of a certain quantity having 
to do with the velocity of the electricity at a 
point and its displacement from a standard posi- 
tion. There are independent contributions from 
the positive and the negative electricity. The 
vector now becomes defined as B —4z/J.4 On the 


‘Sometimes another term depending upon the velocity 
of the medium and the polarization at a point is included 
in the quantity subtracted from B to produce h. The 
details of many of these matters are irrelevant to the 
main purpose of this paper. Some mention of them must be 
made to provide a complete story; but, no detailed dis- 
cussion of them will be attempted here. The reader will 
find reference to them in H. A. Lorentz, Enzyk. der Math. 
W iss. 2, 200-209; also in E. Cunningham, The Principle of 
Relativity, in H. Van Vleck, Electric and Magnetic 
Susceptibilities (Clarendon Press), and in W. F. G. Swann, 
The Fundamentals of Electrodynamics, pp. 5-74 (1922); 
a part of Bulletin No. 24 of the National Research Council. 


other hand, P at a point becomes defined in 
terms of the displacement of the positive and 
negative electricity from a standard position. e at 
a point becomes defined macroscopically as the 
true volume average of E in the vicinity of the 
point, and D becomes defined as e+4zxP. It will 
thus be observed that while, in the primitive 
macroscopic theory, the orders of definition are 
completely analogous for the magnetic and elec- 
tric quantities, being, in fact, J—A—-B and 
P—e—D, respectively, in the case of the Lorentz- 
ian theory, the orders are B—J-—+h and P-e—D, 
respectively. However, these matters are not 
pertinent to the main part of our discussion, and 
are included only for completeness of the picture. 
The primary fact which concerns us here is that 
B is defined macroscopically at a point as the true 
volume average of // in the vicinity of the point. 


Visualization of the significance of B on the 
Lorentzian theory, for a special case 


Following the line of procedure indicated in the 
Introduction, we shall limit our discussion to the 
case where the magnetic entities are spherical 
shells of radius a, with uniform surface charge, 
and rotating with uniform angular velocity. It is 
easy to show, and is well known, that such a 
sphere gives at a point for which the radius vector 
r from the center is greater than a, a field which is 
the exact equivalent of a doublet of moment p 
depending upon the surface density, radius, and 
angular velocity. Moreover the field within the 
sphere is uniform, parallel to the axis of rotation 
and equal to 2p/a*. Hand in hand with the above 
entity, we shall study another one, an entity of 
radius a with a surface distribution of positive 
magnetism on one side of the equator and of 
negative magnetism on the other side; so chosen 
as to cause the entity to act as a doublet of 
moment p for points outside the sphere,® i.e., 
points for which ¢ is greater than a. We shall call 
this a polar entity in contrast to the rotating 
shell which we shall call a current entity. In the 
case of the polar entity the field is also uniform 
within the entity, but it is in the opposite direc- 
tion to that of the corresponding current entity 
of moment p, and is equal to — p/a’. 


®* The elements pertaining to these matters are estab- 
lished in the Appendix to this paper, Problem 1. 
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Let us start with a picture in which the entities 
are current entities, and let there be » of them 
per cc. The vector B represents the average value 
of H where the regions inside and outside the 
entities are included. Suppose now we change to 
the corresponding polar case, and take the volume 
average of the true field H. It will differ from the 
former average on account of the change of the 
fields inside the entities from 2p/a* to — p/a’. It 
will, in fact, be B — (3p/a*)(4ra*/3)n. Since np=T/, 
this amounts to B—4rJ. In other words the 
average of the true H for the polar case is the 
quantity / as defined in the Lorentzian theory. 
This is entirely in harmony with our expecta- 
tions; for, # is recognized as a vector whose line 
integral between two points is the line integral of 
the true 77 for the polar case. 

Suppose that now on taking the average we 
simply omit the field inside the entities alto- 
gether. We obtain 


B—(2p/a*)(4ra*/3)n= B—8rl/3=h+4r1/3. 


In the case where the entities are very small in 
volume, the omission of the contributions of the 
fields inside them to the average is the equivalent 
of evaluating the average for the regions outside. 
This average is then h+47J/3; and, it would 
appear that, obtained in this way, the status and 
meaning of this vector is clearer than when 
evaluated according to the principles cited in con- 
nection with the primitive electrostatic and 


magnetostatic theory. 


2. THE PASSAGE OF ELECTRONS THROUGH 
THE MAGNETIZED MEDIUM 


We shall confine our discussion to the case 
where the magnetic entities are rotating charged 
spheres of the type already referred to. We shall 
consider an electron constrained to move in a 
linear path parallel to the z axis which is per- 
pendicular to the vector J which shall be parallel 
to the x axis. The time integral of the force on, 
i.e., the momentum imparted to, the electron 
parallel to the y axis is 


F, = fc. c)H,dz. 


For all particles of cosmic-ray energy we may put 
v=c in the above expression. For lower energies, 


re 
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v is at least constant to a first approximation; 
and, indeed, would be absolutely so for the case 
of a path constrained to be always along the z 


axis. For the case v,=c, we have 
al 
F, =| H dz, 
0 


where L is the path length. 

Consider a length V parallel to the y axis; and, 
perpendicular to it, draw a number of the above 
paths parallel to the plane y, z. All of the above 
integrals have the same value if the path ZL is long 
enough. Now the flux of 7, through the plane of 
areas LM is 

\ I 


aM L 2M al ol 
| f taydz= | dy | Hads=M | Has. 


0 0 “0 0 


Since the integral with regard to s is independent 
of y as above stated. Thus if //, is the average, 
value of H, along the path ZL, the above flux 
through the plane of area LV is MLH,,. Let there 
be planes of the above kind drawn perpendicular 
to the axis of x for a length N thereof. Then, the 
volume average of H7,, which is B,, is 


N 


Mf 0 
B,.=(LMN) ‘ H ,dxdydz 


ai 


aN { aL 
=(LMN)* | dx | dy | Has. 


ve 0 0 


Now if the path Z is long enough, the integral 
with regard to z is independent of x and y, and 
is 7,L, where H, is the average value of H, along 
the path L, and is a quantity independent of ) 


and z. Thus 
B,=(LMN)"NMLH, 
so that H.=B, 


as was, of course, expected to be the case. 

Now in spite of the fact that the average mag- 
netic vector //, responsible for deflecting the 
electron is B,, this average is secured in a manner 
which invites comment and which leads to 
ultimate results different from those to which a 
naive consideration of the theory would lead. It 
may be remarked here that the problem o! 
visualization of the details of the elements in- 
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volved is one which is apt to invite doubts 
founded upon intuitive consideration of special 
cases. However, the whole story is perfectly 
consistent in the long run. We shall later discuss 
one of these special cases, but for the moment 
we shall confine attention to a fortuitous distri- 
bution of entities. For such a distribution, all 
paths parallel to a fixed direction have the same 
history in the long run. The contribution to //, 
along a path is made up from contributions from 
entities which it does not thread, and from con- 
tributions by entities which it does thread. The 
contribution from the latter source is quite a 
large proportion of the whole contribution by the 
magnetization of the iron, even in the case of 
entities of very small dimensions, when the event 
of threading is very rare. As a matter of fact, it 
turns out, as will presently appear, that the 
contribution in question is independent of the 
size of the entity for an assigned value of /,. 

In order to avoid interrupting the line of 
thought, we shall quote here a result proved in 
Appendix (Problem 2), to the effect that the 
average contribution by an entity to the line 
integral along a path which threads it is 8p/3a? 
from the inside and —2p/3a? from the outside, 
making 2p/a? where a is the radius of the entity. 

Consider a tube of length / along whose axis a 
particle flies. It passes through the entities 
whose centers are contained within a cylinder of 
radius a. If m is the number of entities per cc, the 
number in the cylinder is za*nl, and the con- 
tribution to the above-named line integral is 
2rpa*nl/a?=2rI,l, since pn=T,. It will be ob- 
served that this result is independent of the size 
of the entity for a given value of J,. Small size 
entities correspond to very infrequent contribu- 
tions of very large amounts to the line integral. 

The contribution per unit length to the line 
integral is 2r/,, and this represents the contribu- 
tion of the entities threaded on a path to the 
average magnetic vector along that path which 
is responsible for producing deflection in an 
electron traversing it. The effect of any entity 
threading a path in the fortuitous distribution is 
confined to a length of the path which is small 
compared to the distance between it and the next 
entity which threads the path, for small entities. 
Thus, if the thickness of the material traversed is 
small compared with what we may call the mean 


free path between the entities,’ the effective field 
the path will be H,—2xI,=B,—2rl, 
wl... 


along 
h,+2 

Now it is admitted that however thin may be 
the material which is traversed by the electrons, 
a parallel beam containing many point electrons 
traversing it will experience a deflecting force 
determined on the average by B,; for, the many 
short paths taken in different places through the 
material average in their characteristics to those 
of a long path through the material. However, 
while the average deflection is determined by B,, 
that average will be produced, in the case of a 
thin slab of small entities, by a process in which 
nearly all of the electrons experience a deflection 
determined by B,—27/,, while a very few, which 
pass through entities will have very large de- 
flections which will bring the average deflection 
up to that calculable from B,. As a matter of fact, 
the complete story may be formulated according 
to the usual statistical methods, leading to a law 
of distribution of scattering ; and, in this story the 
large deflections experienced by electrons passing 
near but not through entities would figure. Such a 
formulation would probably have but little 
meaning on the basis of the present analysis in 
view of the restricted nature of the simplifying 
fundamental assumptions involved. The essen- 
tial fact is that, in the case of a sufficiently thin 
piece of matter traversed by a beam of point 
electrons, any practical experiment would reveal 
B,—2rxI,, or in other words, h,+27/,, as the 
deflecting vector for the case of magnetic entities 
of very small size. In such experiments as those 
of Alvarez,’ the number of electrons experiencing 
the large deflections necessary to bring the aver- 
age deflecting vector up to B, would be too small 
to observe. In the case of the experiments of 
Danforth and the writer, published in 1934° and 
now in detail in the present issue of the Physical 
"© To fix our ideas, suppose that every orbital electron in a 
piece of iron figured as an entity, and suppose, taking a 
cubic centimeter of iron lying on a sheet of paper we could 
precipitate all of those electrons onto the piece of paper 
The total area which they would occupy on the paper 
would be 28ra?N, where N is the number of atoms of iron 
per cc, a is the radius of the electron, and the 28 refers to 
the number of electrons in an atom of iron. Now 28N is 
23 X 10°*. If we should take for the classical radius 2 x 107", 
the area covered would be only 0.3 of the square centi- 
meter. In other words, a point particle shot through a 
centimeter of iron would probably miss all the entities. 

7 L. Alvarez, Phys. Rev. 45, = (1934). 


5’ W. F. G. Swann and W. E. Danforth, Phys. Rev. 45, 
565 (1934). 
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Review, the measurements involved finding the 
number of rays which were deviated by more 
than a certain assigned amount by the magnetic 
field. In such experiments, the small number of 
electrons deviated through large angles (in the 
case of small entities) are unable to exhibit their 
potency in contributing to the average; and, the 
results are to all intents and purposes determined 
by the group whose deflection is determined by 
B,—2rl,. 

Of course, it is only when the magnetic entity 
is of very small size or the material is very thin 
that the effective vector becomes B,—27/,. In 
general, for larger sized entities, the effective 
vector may lie anywhere between B,—27/, and 
B,. A complete set of experimental data should 
be capable of revealing the effective size of the 
entity, although here, again, the imperfections of 
the fundamental assumptions would probably 
render such a determination of little significance. 

The present problem has some of the features 
of the alpha-particle scattering problem. It is 
rather curious that in that problem interest has 
been centered on the single scattering and has 
concerned itself but little with the small devia- 
tions produced by the fields between the scatter- 
ing nuclei, while in the magnetic problem interest 
has centered on the effect of the average mag- 
netic vector in the medium and has concerned 
itself but little with the scattering produced by 
close encounters. 

It may be thought that, in the foregoing dis- 
cussion, the concentration of attention on elec- 
trons which actually go through the entities is 
misleading, since an electron passing very near to 
an entity experiences forces comparable with 
those which it will experience in passing through 
it. The point is that, as will be shown in the 
Appendix (Problem 2) the average contribution 
to H, by paths passing near but not through 
entities is zero, so that while such paths result in 
large electronic deflections, they do not disturb 
the conclusion that, in the case of entities of very 
small size an overwhelmingly large proportion of 
the paths experience a magnetic vector de- 
termined by B,—27/,. On the other hand the 
paths which thread the entities do make a sig- 
nificant contribution to the true average //,, 
raising it from the practically measured B,— 2r/,, 
to the ideal value B,. 
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A special case 

The consideration of certain special cases may 
raise questions in the mind as to the importance 
of the part played by the interiors of the entities 
in contributing to B. A particularly drasti 
special case is one in which the entities are ar- 
ranged at the corners of cubes, in a cubical array. 
Suppose, for example, the sides of the cubes are 
parallel to the directions we have taken for the x, 
y and z axes. Suppose Fig. 1 represents a plan of 
the lattice seen as one looks in a direction parallel 
to the axis of zs. The entities are shown by the 
circles. Consider a plane perpendicular to the 
paper, and containing the dotted line AB. It is 
obvious that the average flux across the plane is 
B,. An electron moving in this plane will never 
pass through an entity, yet, the average deflect- 
ing force experienced by such electrons will be 
determined by B,. Of course, two electrons travel- 
ing perpendicular to the paper so as to pass 
through D and C, respectively, will not ex- 
perience the same deflection, for the field is by no 
means uniform over the plane AB.° 

Suppose now we consider a plane perpendicular 


*It is of interest to note that the contribution of the 
nearest entities to the field is very considerable. Thus the 
field f due to an entity at a distance r from its center is of 
the order 2p/r*. If / is the distance between the entities, 
the number n of entities per cc is 1//. Thus f=2pnl*/r’. 
Now pn=TI, so that if r=/1/2, we have, for the contribu- 
tion of a single entity to the field at a distance from 
it equal to half the distance between entities the value 4] 
This is comparable with the whole vector h+4rJ. 
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to the paper and containing the line EF. The 
average flux through this plane is again B,, but, 
the flux is very unequally distributed. If / is the 
distance between the entities, there are nl en- 
tities per square centimeter; and, the part of the 
flux which is contributed by the entities them- 
selves and which passes through their own small 
cross section 1s (2pnl/a*)ra*?, which amounts to 
IxIl/a; and, for small entities would amount to 
far more than h+47/J, so that the discrepancy is 
taken care of by a reversed field outside the en- 
tities as shown. Thus, while electrons traveling 
perpendicular to the paper in the plane defined 
by EF would experience, on the average, a de- 
flecting force determined by B,, there would be 
an enormous variation around that average, 
extending even to an important range of nega- 
tive values. An electron passing downward 
through a line of entities, would pass through 1// 
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entities per centimeter of path. This would be an 
enormous quantity compared with the mean free 
path calculated for the fortuitous distribution of 
entities, referred to above, and exemplified in 
magnitude by the calculation in foot-note 6. An 
electron traveling down through a line of entities 
as above would experience an enormous deflect- 
ing momentum as compared with the average 
experienced by the electrons. Of course, it would 
in actuality be deflected out of the line at the first 
encounter in question. 

The symmetry of arrangements of fields intro- 
duced by the cubical arrangement of entities 
results in a cooperation of influence which pre- 
vent our concluding immediately that, in the case 
of a combination of small entities and small 
thickness of material, an overwhelming propor- 
tion of paths would experience a deflecting force 
determined by B,—2rlI,. 


APPENDIX 


Problem 1. Magnetic field of a uniformly charged shell 
rotating with uniform angular velocity 
Maxwell* shows that the magnetic potential of unit 
circular current is given by 2’, where 


= 1 sa\** dP,(v) . 
Q’ =2r(1—v*) = ( ) P,,(u) for r>a 
nain+l1\r dv 
( a 1—v/r\” dP,,,(v) ‘ 
Q’=—2r41l—v+ L- “(“\'p a) \. for r<a 
\ n=1 a dy 


where the symbols have the following meaning. The origin 
is the center of a sphere of radius a. The potential .’ 
applies to the point r, @, in space. The potential is caused 
by a circular current of unit amount, flowing in an in- 
finitely thin wire lying on the sphere, symmetrically with 
the axis of symmetry and subtending an angle 2a at the 
origin. « and v are written for cos @ and cos a, respectively, 
and the P’s are the ordinary Legendre polynomials. 

As applied to our problem, the potential d@ due to the 
portion of the rotating sphere contained between a@ and 
a+da, rotating with angular velocity w and charged to a 
surface density o electromagnetic units is obtained by 
multiplying each of the above expressions for by 
owa sin ada, by —owady. The complete potential is then 
obtained by integrating from »=1 to —1. The only terms 
surviving the integrations are the terms for which n=1, 
and the term 1—» for the case r<a. We thus, obtain for 
2, the magnetic potential 

Q= —(4/3)xewl(a*/r?) cos@ forr>a 
and 2 =2rewa'2+(4r/3a) cos 6) for r<a. 


* Maxwell, Electricity and Magnetism, Vol. 2, third 
edition, p. 333. 


The external field is consequently that produced by a 
doublet of moment p=47ewa*/3, and the internal field is 
uniform, parallel to the axis of symmetry and equal to 
2p/a*. 

The polar case is solved in J. J. Thomson's Elements of 
Electricity and Magnetism,t from which it will be seen 
that a suitable distribution of positive and negative 
magnetism on the sphere will cause the sphere to act like 
a doublet of moment p at external points, and to have a 
field uniform and equal to — p/a’ inside. 


Problem 2. Calculation of the average contribution of an 
individual entity to the line integral of H. along a 
path which treads the entity 


Following the scheme already used, let the axes of x, 
and of z, be parallel, respectively, to the polarization and 
to the line of flight of the particle. Let r?=x?+ y*, and let 
¢ be measured in the x, y planes. Let there be a uniform 
density of flux of electrons, and let J be theaverage contribu- 
tion of an entity to the line integral in question. J is 
composed of 2 parts, a part J; arising from the contribution 
to the line integral outside the entity, and a part J, 
arising from the contribution inside the entity. We have 


ra*Jy=2{ dr | “rde |“ H.'ds, (13) 
/0 « J 


0 
where H,’ represents the contribution to H, by the entity 
in question, the 2 is introduced to take account of the two 
symmetrical contributions before entry and after exit, and 


t J. J. Thomson, Elements of Electricity and Magnetism 
third edition, pp. 223-226. 
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where 
n=(a°*—r*)t if r<a; n=O if r>a. 14) 

We include the case r>a in anticipation of the discussion 
of the passage of electrons near to but not through the 
entity. Now 
H,! = — pl (x?+ y?+32")—3/? — 3x?(x? + y*? +27) 5/2] 

= p/r®)[(1 +22/r?)—3/2? — (3x?/r?) (1 +22/r?) 9/7]. (15) 
If we substitute this expression in (13) and put tan @=2/r, 


so that sec? @=1+2°/r? and dz/r=sec? 6d@; we obtain 


ra J _ = 2p ‘ee | “| i . cos Ade 


/J0 7/0 


. 


3x 9/2 
/ cos 6d6 |d¢ 16) 
y2 J 
Ihe limit 4 corresponds to 7. From (14) we see that 
69=sin™! (1 —r?/a*)? if r<a; 69=0 if r>a. 17) 
Thus 
adr r2n 2x 3x 
ra*J, = 2p| / l (1 ) sin 0 
/J0 rd 0 y ry 
x ‘ 
sin’ A) |d¢ 18) 
r , 


If x were replaced by y, the ¢ integral in (18) would be the 
same as before. Hence we may replace x* by (x?+y*)/2 


=r*/2, and the integral will be unaltered. By doing this 
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p a P dr 
J,=2 | sin® #9—sin 09) — + 19 
a*0 r 
Using the expressions for @) given above, for r<a@ we find 
J, = —2p/3a’. 20 
Now with regard to the integral Js, we observe that the 
field inside the sphere, and resulting from the current, is 
2p/a*. Thus 
Srp “ 


a r°)*rd? 


” rdg | > ds= 


avo 0 -" a 
J. =8p/3a*. 21 

Eqs. (15) and (16) establish the results quoted above, and 

lead to J=2p/a’. 

Problem 3. Calculation of the average contributions of an 
individual entity to the line integral of H. along a 
path which does not thread it 

This case corresponds to r >a. The calculation proceeds 
exactly as for J; except that, in (18) and the following 
equations, the integral with respect to 7 extended fron 

0 to x, and the limit 4 is zero, since r>a. Thus, (19 


becomes replaced by 


jaw 


sin’ 0 sin Go) 


<i dr 


a-v0 


where 4 is zero. Hence J.=0. 
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Experiments are described in which the deflections 
suffered by cosmic-ray electrons in passing through the 
saturated iron core of an electromagnet are detected by 
means of Geiger counters. The observed effects are com- 
pared with the results of calculations in which we have 
used the energy distribution as found by Anderson and 
Neddermeyer with the cloud chamber. In this way we 
have found it possible to set limits to the effective mag- 
netic vector within the iron. One of our experiments 


indicates a value lying between the induction B and B/2. 


INTRODUCTION 
HE negative results obtained by B. Rossi! 
and by L. M. Mott-Smith’? in their attempts 
to realize deflection of cosmic-ray electrons in 
magnetized iron has excited speculation as to 
the correctness of using the induction B rather 


1 B. Rossi Accad. Lincei, Atti 11, 478 (1930). 
*L. M. Mott-Smith, Phys. Rev. 39, 403 (1932). 


1 


The other points to the limits 3B/4 and B/4. A theoretical 
discussion is included in which it is pointed out that all 
electrons of the same energy will not necessarily experience 
the same deflection but will show a statistical distribution 
of deflections with an arithmetic average corresponding 
to the induction B. The present type of experiment, how 
ever, does not give a true arithmetic average and would 
be expected to indicate, for the effective deflecting vector 
a quantity less than B to an extent dependent upon the 
particular geometrical arrangement. 


than the magnetic intensity # as the vector 
determining the force which such an electron 
experiences. Indeed, Rossi’s first experiment gave 
magnetic deflections no more than comparable 
with the experimental error. His second experi- 
ment? did result in a small effect, which, however, 


B. Rossi, Nature 128, 300 (1931). 
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he interpreted as insignificant compared with 
results which would have been obtained had B 
been fully operative. 

In February 1934, L. Alvarez‘ published re- 
sults of an attempt to deflect 8-particles as they 
passed through a thin (0.36 mm) sheet of mag- 
netized iron. The deflections which he observed 
were hardly larger than would be produced by a 
field one-tenth as large as the induction B. 

Now that the cloud chamber has provided us 
with data concerning cosmic-ray energies one 
should be able to realize a nonambiguous solution 
of the problem. If it should be true that the 
appropriate vector were not B but something 
smaller, a thorough reexamination of molecular 
magnetic theory would be in order. 

We reported the result of one experiment at 
the New York meeting of the American Physical 
Society (Feb. 23-24, 1934). The effect observed 
was rather smaller than was calculated using 
the vector B and the cloud chamber energy 
determinations made up to that time by C. D. 
Anderson® and P. Kunze.* These energy de- 
terminations were measurements made on pho- 
tographs taken at random. The more recent work 
of Anderson and Neddermeyer’ with a Geiger 
counter controlled cloud chamber is more appli- 
cable to our purpose since it does not include 
shower particles. The purpose of this paper is, 
therefore, to describe our magnetic deflection 
experiments and to analyze their results in 
terms of the most recent energy distribution with 
the intention of thereby determining (or at 
least setting limits to) the effective magnetic 
field within iron. In its simplest form the problem 
is one in which all rays of the same energy 
experience the same deflection. On such a view 
of the problem there yet remain many geo- 
metrical and instrumental considerations which 
become involved in the interpretation of the 
relation between the data and the magnitude 
of the magnetic vector involved, but with these 
matters taken into account it is possible to calcu- 
late a magnitude for the vector in question. 
The results of the investigation will first be 
presented with this end in view, in Section A, 


*L. Alvarez, Phys. Rev. 45, 225 (1934). 

*C. D. Anderson, Phys. Rev. 44, 406 (1933). 

*P. Kunze, Zeits. f. Physik 80, 559 (1933), 

"C. D. Anderson and S. H. Neddermeyer, Int. Conf. 
Physics, London, Oct. 1934. 
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as it will then be possible to compare them with 
the results of others. 

The theoretical considerations pertaining to 
the passage of electrons through magnetized iron 
have recently been examined by one of us® and 
are published in this issue. These considerations 
are digested in Section B of the present paper. 
It appears that the difference between the mag- 
netic induction B and the ordinary macro- 
scopically defined magnetic field / arises by the 
contribution of the fields inside the necessary 
vector entities responsible for the polarization. 
On account of this fact, it results that, in the 
case of magnetic entities of small size, situations 
may arise in which, even for a fixed electron 
energy, a distribution of deflections may result. 
Such a distribution alters the interpretation of 
the final data, and leads to a condition in which 
the realization of a vector smaller than B by 
the more naive calculations is not necessarily 
inconsistent with strict obedience of the experi- 
ment to the electromagnetic theory which de- 
mands that the true force on an electron at any 
point shall be determined by a vector (the true 
field at a point, submacroscopically considered), 
whose average value throughout the macroscopic 
element of volume is the ordinary induction B. 


Section A. APPARATUS AND EXPERIMENTAL 
RESULTS 


The apparatus is represented schematically in 
Fig. 1. Three Geiger-Miiller counters shown with 
their length perpendicular to the paper, are 
arranged in a vertical plane and with vertical 
line of centers. Between the lower two is placed a 
slab of iron which may be magnetized in a 
direction normal to the plane of the diagram. 
One measures the frequency of coincident dis- 
charges in all three counters. Magnetization of 
the iron should, by deflecting the rays before 
they strike the bottom counter, diminish this 
counting rate. The magnitude and significance 
of the diminution thus obtained is the object of 
study of this paper. 

To increase the counting rate we operated four 
3-counter units simultaneously (Fig. 2). Two 
closed cores provided the four saturated iron 
sections for the four counter units. The mag- 
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Fic. 1 (left). Schematic arrangement of counting tubes and iron. 
openings being perpendicular to the plane of the paper. For each core is shown one of the coils, vz. that 
wound on the front wall of the frame. Another coil wound on the back wall completes the magnetizing 
svstem. The circles represent end views of the cylindrical counting tubes. On the right is a side view of the 


Fic. 2 (right). On the left are shown the two rectangular closed cores, the planes of the rectangular 


apparatus with the coil spools shown at A and B. 


netizing windings were placed on those core 
sections not in the planes of the counters. 
Variation of induction along the unwound sec- 
tions (deflecting sections) was found not to 
exceed two percent. We used an induction of 
14,800 gauss, measured in a turn of wire around 
the core. Residual magnetism, amounting to 
5800 gauss, was removed by consecutive dimin- 
ishing current reversals when it was desired to 
count coincidences with no deflecting field. 

We measured the percent diminution in count- 
ing rate produced by the field for two different 
sets of values of the distances /o, /;, Jz, /3. Table I 
gives these distances in centimeters. 


TABLE I. Values of the distances in centimeters for the two 





experiments. 
lo h ls ls 
Exp. 1 7.9 12.0 15.2 5.5 
5.4 20.6 15.2 46.1 


Exp. 2 15. 


Counters la, 2a, 3a and 4a were connected to 
the same amplifier, as were 1b, 2b, 3b and 4b, 
and Ic, 2c, 3c, and 4c. A count would be recorded 
when three counters, one from each of the three 
groups a, b, and c, discharged simultaneously. 
The spacing of the units was such, however, 
that no single ray could be recorded unless it 
passed through three counters all of the same 
unit. Thus all recorded single rays must have 





traversed the iron. Showers, however, could 
produce counts without traversing the iron, and, 
a correction for such counts was made. The 
possibility exists also of a ray, magnetically 
eliminated from one unit, being deflected into 
the bottom counter of another unit and so still 
producing a recorded count. Since only a small 
fraction of that area into which a ray may be 
deflected is occupied by another counter, this 
source of error is probably negligible. It would, 
however, be more serious in Experiment 2 than 
in Experiment 1. In any future experiment of 
this type it would be well to have the units 
record independently in order to avoid any 
possibility of this “cross deflection.’’ Such in- 
dependence would also greatly diminish the 
effect of showers. 

Values of counting rate were recorded over 
periods of length 24 hours or less in the following 
sequence: on—off—off—on—on—off and so 
forth. Each counting rate quoted below is the 
average of about 30 short period values. Taking 
values in the above sequence would, if the 
ratios between adjacent readings were com- 
puted independently and then averaged, elimi- 
nate any slow charge of sensitivity that might 
occur. The r.m.s. deviation (‘‘standard devia- 
tion’) of the actual values agreed so well with 
the assumption of constant sensitivity, however, 
that it was thought unnecessary to compute the 
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TABLE II. Effect of the magnetic field on triple coincidence 
counting rates in the two experiments. 
| Dimrnt 
TIONS IN 
No. o% Ti! CouNTING Rati COUNTING 
min counts/min RATE 


Fietp COUNTS 


off 11659 12305 0.94540.009. 8341.3 


Exp. 1. 
on 10037 11603 0.865+ .009 

Exp. 2. off 1925 9190 0.2104 .005 12.6+3.1 
on 1683 9210 0.1834 .005 


separate ratios. Each quoted counting rate is, 
therefore, a total number of counts divided by 
a total time. During a run with field on, heat 
was dissipated which raised the temperature of 
the middle counters by perhaps as much as 
10°C, and that of the top counters by a smaller 
amount. A comparison of the double coincidence 
counting rate between the upper pair with the 
magnet current on and off enables us to set an 
upper limit for any temperature effect at one 
percent. 

Table II shows the effect of the magnetic 
field on the triple-coincidence counting rates of 
the two experiments. 

The sources of error referred to above cause 
these values of percent diminutions to be re- 
garded as lower limits to the actual percentage 
elimination resulting from the magnetic field. 
The correction to the data on account of showers 
will now be discussed. 

Correction of results for effects of showers 

The magnitude and frequency of the showers 
is unknown; but, since showers affect the data 
other than the 
diminution ratio, it is possible by measuring 


in ways through magnetic 
their effect in such connections to establish the 
amounts which they contribute to the current 
recorded by a system. Thus in the absence of 
showers it is possible to calculate the ratio of the 
counting rates for Experiments 1 and 2, with 
magnetic field absent. The ratio is found dif- 
ferent from that obtained experimentally. It is 
then possible to estimate the counts contributed 
by showers as the number necessary to bring 
the two ratios concerned with harmony. 

Defining the “admittance” of a counter pair 
as that number by which the intensity must be 
multiplied in order to equal the counting rate 
we have® 


*J. C. Street and R. W. 
1029 (1934), 


Woodward, Phys. Rev. 46, 
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ras_e II]. Comparison of counting rates and theoretical 
admittances in the two experiments 

Cor ! RA 
\DMITTANCE A counts, mu 
Exp. 1 3.404 0.945 
Exp. 2 0.592 0.210 
Ratio of admittances A;/A_ 5.76 
Ratio of counting rates N,/N» 4.50 
a*| b? 3b b) 
A= + tan-!—}, 
4lP4+L2 1 LI 
where A is the admittance of the (vertical) 


counter pair, a the width (diameter) of counter, 
b the length of counter, and LZ the distance 
between counters. 

In the absence of showers, and of magnetic 
field, the counting rates for Experiments 1 and 2 
should be in the ratio of the corresponding 
admittances. The results of a comparison of the 
experimental and theoretical ratios are shown in 
Table III. One sees that the decrease in counting 
rate from the first to the second experiment is 
less than the decrease in the admittance. Hence, 
a component (or components) must be present 
which does not decrease as rapidly as does the 
calculated admittance when the distance between 
counters is increased. 

Representing the intensity of single rays (in 
number per unit solid angle per square cm per 
second) by j, the number of valid counts (due to 
rays which traverse the iron) is 7A, in the first 
experiment and jA:2 in the second. With the field 
on these rates become respectively ja:;A, and 
ja2A, where the a’s are positive quantities less 
than unity that fraction of the 
radiation still capable, despite the deflecting 
field, of reaching the bottom counters. In addi- 


indicating 


tion to counts produced by the intensity 7 we 
have components, for example showers, which 
are not changed by the magnetic field but which 
will probably be different in the two experiments 
although not in proportion to the admittances. 
We thus have four equations 


N,=jAi+s, (1) 
N2' =ja,Ai+s, (2) 
No=jA2+ns, (3) 
No’ =jarzA2+ns, (4) 
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where the N's represent observed counting rates 
and s denotes that spurious component in Experi- 
ment 1 which is unchanged by the magnetic 
field. The factor » permits this component to 
be different in Experiment 2. The subscripts 
indicate first and second experiments and the 
primes, values with the field on. We have five 
unknown quantities, 7, a1, a, s and n, in these 
four equations, so that we cannot solve for all of 
them without making some assumption with 
regard to one of them. We shall concentrate 
our attention for the moment upon 7. It follows 
immediately from (1) and (3) that 


wn 


s= (N2A 1— N,A2) (nA 1—A?). \ 


The experimental data make N2A,;>N,A2 so 
that the denominator must be positive. We thus 
see that the values of s calculated by assumption 
of a value of » increase with decrease of the value 
of » assigned. By multiplying (5) by 7, it is 
immediately obvious that ns also increases with 
decrease of the value of 7 assigned. 
Again from Eqs. (1) and (2) we obtain 


a,=(N,’—s)/(Ni—S) (6) 
and from (3) and (4) we obtain 
a= (N2’ —ns)/(No—ys). (7) 


The conclusions derived immediately above 
therefore tell us that the values a; and ase 
calculated both increase with increase of the 
values of n assigned. If therefore we can de- 
termine upper and lower limiting values of », 
we can calculate from them the corresponding 
upper and lower values of a; and ae. Now all 
reasonable views as to the effect of showers 
would make the contribution for case (1) greater 
than, or at least equal to, that for case (2), 
where the counter distances involved are greater. 
Hence we conclude that »=1. We can calculate 
a lower limit for » by visualizing that particular 
shower mechanism which would make the shower 
counts vary most rapidly with the distances 
concerned. The simple picture is one where we 
have a shower of particles extending over the 
area of the apparatus, and one ray at least 
passes through each counter. In this process 
there would be very little change of shower 
counting rate with change of position of the 
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counters, unless the changes are so great as to 
extend beyond the limits defined by the shower 
beam. A shower mechanism which is particularly 
sensitive to change of counter position is one in 
which .a single ray passes through the upper 
two counters, and a second ray passes through 
the lower counter. The frequency of such shower 
counts is roughly proportional to the inverse 
square of the distance of separation of the upper 
two counters, and exactly proportional to the 
measured counting rate of this pair when con- 
sidered as a double coincidence set. While, it is 
admitted that the arguments are not absolutely 
unassailable, it is felt that a reasonable assump- 
tion is one which regards the variation of shower 


counting rate with separation of the upper 
counters as no greater than that defined by the 
process above stated. On this basis, and taking 
the measured frequency of the coincident counts 
of the upper pair of counters for cases 1 and 2, 
we find for 7 a value equal to 0.59, so that con- 
sidering what has been stated earlier we may 
conclude that 1=n=0.59. In line with con- 
clusions as to the dependence of the a’s upon 
the assumed values of », and utilizing the data 
contained in Table III, we find 0.910=a,;=0.905 
and 0.826=a.=0.818. The corrected percentage 
diminutions in counting rate produced by the 
magnetic field are 100 (1—a,), and 100 (1—az), 
respectively. Further correction of these values 
to allow for statistical fluctuations gives us as 
the percentage diminutions for the two experi- 


ments: 


Experiment 1: Between 7.5 and 10.8 percent, 
Experiment 2: Between 12.8 and 23.0 percent. 


Numerical values for the relative intensities of 
showers involved in the above corrections may 
be of incidental interest. Assuming that the 
shower counting rate is the same in both experi- 
ments (7=1) we find it amounts to six percent 
in the first experiment and 26 percent in the 
second. The assumption that the shower rate is 
proportional to the double rate in the upper 
pair leads to the values 11 percent in the first 
experiment and 30 percent in the second. We 
ascribe these high percentages to the following 
causes: (1) The extreme courters were rather 
far apart (34 cm and 81 cm) and the true 
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counting rate should diminish more rapidly than 
the shower rate as the distance between counters 
increases. (2) The arrangement of four separate 
sets all operating in parallel on the same amplifier 
would be expected to receive about four times 
as many showers as if the sets were on in- 
dependent amplifiers. 

We have, also, results from two experiments to 
substantiate the order of magnitude of the above 
percentages. The three counter groups (a), (b), 
and (c) were laid flat on a table, out of line. 
In this position a counting rate, for showers of 
at least three rays, of 0.00040+0.00008 was 
measured. Our correction assuming n=1 gives 
the value 0.00095. 

The arrangement shown in Fig. 3 might be 
expected to give a counting rate of about a 
quarter of the total shower component. The 
distances involved were the same as those in 
the second experiment. The result indicated that 
the shower component in the second experiment 
was between 25 and 40 percent of the total. 

While the foregoing considerations are not 
affected by absorption in the iron, it is of interest 
to note that in the presence of the iron, the values 
of the intensity (j), come out 0.0040 and 0.0042 
(rays per unit solid angle per square centimeter 
per second) with the two different assumptions 
concerning showers. The decrease due to the 
iron was found to be 20 percent giving values 
0.0050 and 0.0052 without iron. The fact that 
the experiment was performed under two floors 
of reinforced concrete is a contributing factor to 
the low single-ray intensity and high shower 
percentage. 
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Fic. 3. The arrangement here is the same as that repre- 
sented in Fig. 2, the difference being that certain counters 
have been removed, as indicated. 
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Interpretation of results in terms of an energy 
distribution 


In a magnetic deflection experiment of this 
type all rays below a certain energy are prevented 
from reaching the last counter. Rays of higher 
energy, however, will also be eliminated to a 
certain extent. For a given field strength and 
geometry one can compute a function of energy 
e(1’) which represents the fraction of rays 
eliminated. This function is equal to unity for 
energies below a certain value |’; and approaches 
the asymptote zero monotonically as JV in- 
creases. If p(V)d!' represents the probability 
that a ray. will have energy between VV and 
V+dI, the fraction of all rays initially present 
eliminated by the field will be 


E= | p( Ve V)dV. 


We have performed two experiments giving 
two values £,; and E» corresponding to different 
dimensions with the same field strength. We have 
available the energy distribution as determined 
by Anderson and Neddermeyer.’ Our purpose is 
now to compute the values of £, and Es which 
one would theoretically expect on the basis of 
present knowledge regarding the energy dis- 
tribution. 

Besides the geometrical dimensions, and the 
magnetic field strength, the analysis must also 
include the loss of energy per centimeter as the 
particle traverses the iron. This energy loss 
produces a continual decrease in radius of 
curvature along the path of the particle and so 
may be said to assist the magnetic field in the 
deflection. 

The general plan of attack will be to calculate 
the fractional diminutions /, and /2 as functions 
both of (1) a vector which we shall call F and 
which is the vector representative of B or h or 
whatever intermediate quantity is really effective 
in producing force on the moving electron, and 
(2) the energy loss per cm (v). It will then be 
our purpose to see what values of F and v are 
consistent with the observations. 

Before proceeding we must examine data re- 
garding the probable values of v. Using a cloud 
chamber in a magnetic field Anderson and 
Neddermeyer measured the curvature of particle 
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tracks before and after the tracks passed through 
a thickness of material. Using lead as the ab- 
sorber they obtain as a mean of a number of 
observations 57 10° volts per centimeter. As- 
suming proportionality to number of extra 
nuclear electrons this reduces to 49X10° for 
iron. A similar measurement (based on fewer 
observations) for carbon gives 510° or 17x 10° 
for iron. Other considerations, however, lead 
them to believe 13X10* as a more probable 
value for carbon which gives 45 X 10° for iron. 
We observed that 15.2 cm of iron absorb 
(or scatter) 20 percent of the radiation. If one 
assumes that the energy loss is proportional to 
the thickness and is independent of energy one 
could use this value in conjunction with the 
energy distribution to obtain a value for v. 
Doing this we get 61X10*® volts, somewhat 
higher than the other data indicate. Measure- 
ments of absorption in iron by Street, Woodward, 
and Stevenson” give 18 percent as the absorption 
in 15.2 cm, which also points to a rather high 
value for v. The fact that absorption measure- 
ments give a high value for v is probably due, 
as pointed out by the above authors, to the 
presence of more low energy rays in the absorp- 
tion experiments than are indicated by Ander- 
son's data. Also, it may be that with a greater 
thickness of material, more rays are eliminated 
by scattering than in the relatively small thick- 
ness used in Anderson’s experiments. If this 
phenomena is important the decrease of true 
energy loss per cm with energy would be even 
more rapid than Street, Woodward and Steven- 
son observed. These authors assume that 57 X 10° 
volts for lead is correct for low energies (3X 10° 
volts) and adjust the energy distribution by 
adding low energy rays until it agrees with their 
absorption data using small thickness. Then 
using this corrected energy distribution they 
measure absorption in larger thickness and so 
obtain v as a function of energy. Their values 
range from 45X10° for energies 0—-6.8 10° to 
20 X 10° for energies (19-25) X 10°. They ascribe 
the decrease to fewer nuclear encounters in- 
volving radiative losses. Such encounters also 
doubtless alter the direction of the ray and would 


10]. C. Street, R. W. Woodward and E. C. Stevenson, 
Phys. Rev. 47, 891 (1935). 
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be expected to eliminate a certain fraction 
through multiple scattering. 

Our computations of expected magnetic dimi- 
nutions are carried out for two values of 9. 
30 10° and 60X10* volts per cm in iron. We 
assume that v is independent of energy and 
write as the differential equation of the path. 


d*y Fe 1 
dx? V1—vx/V 


where y and x refer, respectively, to horizontal 
and vertical directions in Fig. 1, and F is 
perpendicular to the plane of the figure. This 
expression is derived on the assumption that the 
rest mass of the particles may be neglected, and 
involves the approximation that the angle 
between the path and the vertical direction is 
small. 

The details of this analysis are published 
elsewhere." For rays of a given energy an element 
of area of the top counter looking along the 
trajectories of the particles, can ‘‘see,’’ with the 
field on, only a certain fraction of the bottom 
counter. Integrating this fraction for all elements 
of the top counter and subtracting the result 
from unity, gives one the fraction eliminated 
e(V). 

Since this is a rather laborious graphical 
process it was carried out for only two values of v 
and three values of F. In Table IV, £, is the 
calculated fraction eliminated in Experiment 1, 
and FE, that in Experiment 2. The vector F is 
given in terms of the measured induction B 
which amounted to 14,800 gauss. The data in 
Table IV are plotted in Fig. 4. The coordinates 
of the solid curves represent, for the two values 
of v, the calculated percent diminution as a 
function of the vector F. Although increasing ? 

TABLE IV. Calculated fraction of the coincidence count 
ing rate eliminated with the field on in Experiments | and 2. 


E, (obs) lies between 7.5 and 10.8 percent; 2 (obs) lies 
between 12.8 and 23.0 percent 


F vx 10~* E, (calc) % = Ez (cale) % 
B/3 30 4.4 15.0 
2B/3 30 9.6 30.1 

B 30 15.2 40.5 
B/3 60 2.2 10.9 
2B/3 60 6.3 24.5 

B 9.9+2.5 35.0+5.0 


60 


 W. E. Danforth, J. Frank. Inst. 220, 377 (1935). 
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Fic. 4. Plot of the data given in Table IV. 


tends to assist in the deflection by softening the 
radiation, it also tends to reduce the observed 
effect by absorption of the softer components. 
The net effect of increasing v is to reduce the 
calculated effect. The shaded areas bounded by 
horizontal lines give the range in which the 
actual diminution may be expected to lie, on 
the basis of the considerations developed earlier 
in the paper. The dotted curves indicate an 
estimate of the probable error in the calculated 
effect arising from statistical uncertainties which 
it seems reasonable to suppose probably exist in 
the energy distribution. 

The results of our observations and estimates 
of various errors may therefore be epitomized 
as follows. On the assumption that the upper 
and lower limits of the energy loss are those 
given, the field producing the deflection appears 
to lie between 0.50 B and 1.03 B in Experiment 1 
and between 0.23 B and 0.75 B in Experi- 
ment 2. 

Taking the upper limit of the observed effect 
as correct and assuming that the calculated 
effects are too high by an amount equal to the 
probable error, one sees that Experiment 1 is 
consistent with the values »=45 10° volts/cm 
and F=B. On the basis of these values, however, 
Experiment 2 should have yielded an effect of at 
least 32 percent whereas our observed upper 
limit is 23 percent. 

In other words, by stretching all probable 
errors to the limit the results of Experiment 1 
can be brought into agreement with the assump- 


tion that the effective deflecting force is equal to 
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the measured induction, but the observed effect 
in Experiment 2 appears to be too small. 

Therefore, although the effective force cannot, 
with much conviction, be said to differ from the 
induction, there does seem to be a tendency for 
the observed deflections to be smaller than one 
would expect. Reasons for such a discrepancy 
may be classified as either errors of interpretation 
or real phenomena. What is certain is that the 
deflections are much larger than would be calcu- 
lated from the ordinarily defined magnetic field 
h in the iron. 

One possible error of interpretation which 
might account for the discrepancy is the “‘cross 
deflection”’ mentioned in Section B. This would, 
indeed, produce a larger error in Experiment 2 
than in Experiment 1, as would be required to 
explain the results. 

Another explanation which, in view of ref- 
erence 10 seems rather promising, is the rapid 
decrease of energy loss with increasing energy. 
This would result in both observed diminutions 
being smaller than the calculated values, and 
since Experiment 2 involves larger energies it 
would suffer the larger discrepancy. Although it 
happens that assigning a smaller constant v gives 
a larger value of calculated effect, the assignment 
of a vw decreasing with energy could have the 
opposite effect. For if the reduction of v applies 
only to those energies capable of penetrating 
the iron (and therefore does not affect the energy 
distribution) the only effect it has is to decrease 
the magnetic deflections. 

The possibility that our energy distribution 
differs from that observed by Anderson must 
also be reckoned with. One could of course modify 
the distribution assumed in such a way as to 
remove the discrepancies. The statistical error 
which we computed from Anderson's data does 
not, of course, include possibilities of real dif- 
ferences, such as would result from different 
amounts and kinds of material above the 
apparatus. 

Multiple scattering has not been included in 
our calculations. Its net influence on our results 
is difficult to determine. It, too, would probably 
be of more importance in Experiment 2 because 
of the greater distances involved. 

Counts due to secondaries produced in the 
iron, by rays which traversed the upper counter 
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but not the bottom ones, would not be pro- 
portional to the admittance, and hence are, in 
effect, taken care of by the “‘shower correction.”’ 

The presence of protons rather than positive 
electrons cannot be invoked as an explanation 
because as far as we are concerned the “‘energy”’ 
is merely a number enabling us to compute the 
same deflectabilily observed in the cloud chamber. 

Most of the possible errors of interpretation 
seem, therefore to be in the sense of reconciling 
the discrepancy and making it likely that the 
induction B is really the correct vector. Apart 
from consideration to be presented in Section B, 
the only way in which our results can be recon- 
ciled with those of Alvarez is by assuming an 
energy distribution different, to a very unlikely 
extent, from that of Anderson. 

A real phenomenon which might account for 
the result is the fact which Anderson has ob- 
served, viz., that an electron which enters a 
plate of lead may fail to reappear even though 
its energy be more than sufficient to penetrate 
the material. The inference is that the particle 
is transformed into a photon. This photon may 
travel in the same direction as the original 
electron and may, at some point farther along, 
produce another electron which may actuate the 
counter. On this view an electron which traverses 
the iron may only exist, as an electron, over a 
fraction of its total path, and would therefore 
suffer a smaller deflection than one would expect. 

Finally we come to the question which mo- 
tivated this work. Is it possible that the effective 
force is really other than the induction B? 


SECTION B. THEORETICAL CONSIDERATIONS 


In its most naive form, the problem of the 
passage of electrons through magnetized iron is 
one beset with no ambiguities in regard to the 
classical Lorentzian theory. On that theory it is 
the magnetic induction B which determines the 
deflection produced. A more sophisticated view 
of the matter brings out the fact that, in the case 
of passage through reasonably small thickness of 
iron, there should be a statistical distribution of 
deflections. This distribution averages, it is true, 
to the value determined by B in the simple 
solution; but, in such a manner as to cause 


experiments whose data have been interpreted 
in terms of the customary naive theory to lead 


to a vector smaller than B as the apparent 
quantity which determines the deflection ob- 


served. 


These matters have been considered by one 
of us’ in detail, and an extended discussion of the 
situation is published in this issue. For the 
immediate present it must suffice to summarize 


the conclusions, at any rate in an approximate 
form, but sufficiently completely to bring out 
the salient features involved. In so doing, it 
must be remarked that the discussion is based. 
in the first instance, upon classical rather than 
upon wave-mechanical principles, although it is 
believed that the essential facts will have their 
representatives in the wave-mechanical story 
In the second place, it must be remarked that, 
even in confining ourselves to the classical treat- 
ment, certain elements of fundamental un- 
certainty present themselves. One must first form 
some usable idea as to the magnetic entity whose 
naive representative in elementary theory is a 
magnetic doublet. Then, even in the absence of a 
resulting polarization, magnetic entities will exert 
deflections upon the electrons passing near them. 
Moreover, if the magnetic entities are to be 
thought of as having a nature in any way similar 
to rotating electrons of a classical kind, the 
problem of what happens when another electron 
passes through them becomes of serious moment, 
both as regards the possibility and nature of 
the occurrence and as regards the process of 
interaction occurring in it. Such a drastic event 
must not be eliminated from consideration with 
apologies on the basis of probable infrequency of 
occurrence because, in the case cited, it is the 
contribution of the large fields in the interior 
of the rotating shells which is responsible for 
raising the average field in the medium from the 
value defined as h to the value B in accordance 
with the Lorentzian theory. Then there is the 
part played by interactions of a kind not de- 
pending upon the magnetic field and the velocity 
of the electron, electrostatic interactions and the 
like. It is necessary to avoid all of these difh- 
culties by studying an ideal problem in which 
some definite assumption is made with regard to 
the magnetic entity, and in which the particles 
traversing the material, and whose deflections 
are under consideration, may be regarded as 
points which traverse the magnetic entities and 
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ERRATUM: 
experience everywhere the force given by the 
Lorentzian theory in the form vX///c, where J/ 
is the true magnetic field at a point, v is the 
velocity of the deflected particle and c the 
velocity of light. It is likely that the study of 
this ideal problem will serve, at any rate, to 
point out the which 
pertain to the real problem, and that these 


relevant considerations 


factors will have their counterparts even in a 
more sophisticated theory built upon quantum- 
mechanical lines. 

As will be more completely demonstrated in 
the publication subsequently to be made and 
referred to above, the following conclusions 
result : 

1) In a sufficiently long path, every corpuscle moving 
perpendicular to B, has the same history on the average, 
and passes through the same number of magnetic entities 
per unit of length of its path. The average magnetic 
vector responsible for deflections along this path is B. 

2) In any one long path of the type cited under (1), 
the average represented by B is made up out of contribu- 
tions from the entities actually passed through in the path, 
and contributions from the other entities not passed 
through in the path. The former contributions turn out 
to be 2rJ, so that the latter is B—2r]=h+2rI, where h 
is the ordinary macroscopically defined field in the medium, 
and is equal to B—4rJ. 

3) It is of interest to note that the 2rJ cited above as 
contributed by the entities passed through is made up of 
two contributions, one from the field actually inside the 
entities, and amounting to 8xJ/3, and the other from 
the fields outside the entities and amounting to —27J/3. 

4) The significance of the foregoing considerations 
depends upon the size of the magnetic entities. If they 
were as small as classical electrons, and were as numerous 
as the orbital electrons in iron, then in the passage of an 
electron through one centimeter thickness of iron there 
would only be about 3 chances in 10 of the center ol 
the moving electron passing through one of the magnetic 
entities. 

5) Under such a case as is cited under (4), most of the 
electrons would experience a deflecting force determined 


on the average by h+2xJ. The average for all of the 
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electrons would be determined, even in the case of a thin 
piece of material, by 4+4xJ; but, the contribution 27/, 
to the average would be made up from a few deflections 
of very large amount. In an experiment which estimated 
the effective deflecting vector by counting the number of 
rays deviated outside of a certain area determined by the 
geometry of the counters, the few highly deviated rays 
would not succeed in contributing a proper representation 
of their status. With regard to the time average, their 
smallness in number is compensated by largeness of devia- 
tion. Once the deviation is so large as to take them out 
of the counter area, further deviation adds nothing to the 
measurement, so that as a practical fact, smallness of 
number receives no compensation as regards the measure- 
ments. The highly deviated rays contribute negligibly to 
the result and the average effective deflecting vector is 


h+2rl. 

The foregoing statement represents the matter 
in its most primitive form. Even the deviations 
experienced by the electrons which do not pass 
through entities will show statistical fluctuations ; 
and the bound up with the 
assumptions concerning the nature of the entities. 


whole story is 
Our discussion serves, however, to demonstrate 
that the problem of passage of electrons through 
magnetized iron is not as simple as the existing 
line of thought would suggest; and, consistent 
with the fundamental idea of the Lorentzian 
theory, there is ample room for the naive 
interpretation of the experimental data to lead 
to the conclusion that the apparent deflecting 
vector is less than B. 

The foregoing considerations have an increased 
significance for the case where the path trav- 
ersed in the material is small; and it will be 


evident why such experiments as those of 
Alvarez should yield results which, at first sight 
differ markedly from those to be expected from 
our own experiments. With a sufficiently small 
size for the magnetic entity, we should expect, 
in the Alvarez experiment a deviation of most of 
vector 


the electrons centering about a con- 


siderable smaller than that determined by B. 


Erratum: Variation of the Properties of Cosmic Shower Radiation 
with Altitude 


J. C. Stearns, University of Denver 
AND 
Darot K. Froman, McDonald College 


(Phys. Rev. 49, 473 (1936)) 


HROUGH error the name of the second author was omitted from the 
article in the March 15 issue. 
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Spectroscopic Investigation of Discharges at High Gas Pressure 
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Spectra of high energy capacity discharges between 
electrodes of various metals in No, He, O. and He at pres- 
sures up to 15 atmospheres have been examined at high 
dispersion. With the ever-present continuous spectrum as 
a background, absorption bands due to AIH, MgH, BeO, 
etc., are observed. The lines of the (0,0) 'IIl—'S AIH band 
at 4260A which are not affected by predissociation (J < 22) 
are all uniformly shifted to the red (0.05 cm™ per atmos.) 
and symmetrically broadened (half-width 0.24 cm™ per 
atmos.) by about the same amount as for the pressure 


ROMINENT features of the spectra of in- 
tense spark discharges in gases at high 
pressure are the considerable breadth of most of 
the atomic lines, the self-reversal of those lines 
involving low-lying energy states, and a continu- 
ous spectrum which increases markedly in 
strength as the gas pressure is raised. Those 
lines involving transitions between hydrogen-like 
orbits and consequently showing a first-order 
Stark effect exhibit the greatest breadths. For 
example, the close doublet of Mg II at 4481A, 
which is a 3d*D—4f?F transition, we observe to 
be broadened symmetrically into a band over 40A 
wide when produced in a high energy capacity 
discharge in hydrogen at 1.3 atmosphere pres- 
sure. It has long been known that as the gas 
pressure in the source is raised, many of the 
atomic lines are also shifted in wave-length, 
mostly to the red, and it is now generally believed 
that interatomic Stark effects are largely re- 
sponsible for these pressure phenomena. The 
experiments of Lawrence and Dunnington' have 
shown that the strong continuous spectrum is 
associated with the initial electron avalanche in 
the spark breakdown, while Finkelnburg? has 
assembled the evidence for believing that the 
continuous spectra in these and all other high 
current density light sources are electron radia- 
tion (recombination spectra plus electron transi- 
tions in the regions of positive continuous 
energy). 
An investigation of the broadening of the 


1 E. O. Lawrence and F. G. Dunnington, Phys. Rev. 35, 
396 (1930). 
2 W. Finkelnburg, Zeits. f. Physik 88, 768 (1934). 


effect of Hy on S-—P resonance lines. SS bands (CN 
BeO) exhibit but slight pressure effects; BeO 'S—' band 
lines are shifted 0.033 cm™ to the red per atmos. of O 

with no dependence on K. Details of the pressure broaden- 
ing of the Al resonance lines are presented. The breadths 
and shifts of the emission lines are attributed principal 

to interatomic Stark effect plus slight resonance broaden 
ing, while the contours and pressure shifts of the self 

reversals are about those expected if due to van der Waals 
forces between Al atoms and gas molecules. 


Balmer lines of hydrogen and their merging into 
an intense continuous spectrum as the pressure 
of the hydrogen atmosphere in the spark chamber 
is increased from 1 to 30 atmospheres has been 
made by Finkelnburg.* When using Al electrodes 
the 'II—'S band system of AIH in the violet was 
observed in absorption against the continuous 
background. In a similar manner we have pro- 
duced in addition to these bands the spectra of 
several other diatomic molecules in order to de- 
termine the exact nature of the pressure effect of 
foreign gases on electronic band spectra. Finkeln- 
burg’s study of the behavior of the Cu resonance 
lines with increasing He pressure was apparently 
made with rather low dispersion and with in- 
sufficient magnification for the photometer traces 
to bring out the causes of the pressure broadening 
phenomena involved. We have therefore photo- 
graphed and photometered resonance lines of 
several metallic elements produced by high 
energy capacity discharges in He, Ne and He gas 
up to 16 atmospheres pressure with large enough 
dispersion and magnification to reveal the details 
of the pressure effects. There results the conclu- 
sion that interatomic Stark effect is the major 
factor in producing the shift of the maximum and 
the broadening for the emission lines, whereas 
van der Waals forces between the gas molecules 
and the metal atoms are responsible for the 
pressure broadening and shifting of the self- 
reversals. We present below a brief report of 
experiments with the Al resonance lines as a 
typical example. 


3 \W. Finkelnburg, Zeits. f. Physik 70, 375 (1931). 


592 














OI 
m 


pl 
of 
m 


m 
SO 


of 





is 


is 


of 





SPECTRA OF HIGH PRESSURE DISCHARGES 593 


EXPERIMENTAL PROCEDURE 


The spark discharges were made in a pressure 
chamber constructed of a one-foot length of 
steel pipe with one inch inside diameter and 
5/16-inch wall. Electrode holders extended in 
from each end through insulating bushings 
carried in large nuts threaded on to the pipe. A 
very short side arm at the center of the tube 
carried a Pyrex glass window one cm thick 
under another large threaded nut. The bearing 
surfaces under these nuts were made pressure- 
tight by means of lead gaskets. Electrodes of Cu, 
Al, C, Mg, In and Be usually about 8 mm in 
diameter and somewhat rounded at the tips were 
set in every case so that the spark gap was about 
1 mm in length. He, Ne, Os and He gas from 
commercial cylinders was admitted through a 
high pressure valve. Pressures were read with a 
gauge carried on a side tube. Although the highest 
pressure used in these experiments was 16 atmos- 
pheres, the pressure chamber could easily be 
used at pressures several times this amount. 

Ad.c. voltage varying between 5000 and 20,000 
volts just sufficient to break down the gap was 
used at each pressure. An auto-transformer gave 
the voltage adjustment by controlling the po- 
tential applied to a high voltage x-ray trans- 
former. The secondary of the latter was connected 
through a kenetron to an 0.25 mf G. E. Pyranol 
condenser, the number of discharges of the 
condenser per second being regulated by means of 
a rotary spark gap in series with the gap in the 
pressure chamber. Usually the discharges were 
produced at the rate of two per second, the ex- 
posure times varying from 30 minutes at 1 
atmos. to 4 minutes at 15 atmos. As the gas 
pressure was raised, the breakdown voltage in- 
creased and the light became whiter and more 
intense. 

All spectrograms were taken in the second 
order of the 21-foot grating in a stigmatic 
mounting, the dispersion being about 2.4 A/mm. 
Intensity calibration marks were placed on each 
plate by means of a step filter mounted in front 
of the slit of the spectrograph. Little use was 
made of these blackening strips, however, since 
the uncorrected photometer curves yielded 


measurements of sufficient accuracy in view of 
some unavoidable uncertainty in our knowledge 
of the exact density of the perturbing gas in the 


region of the sparking. Photometer traces of all 
spectrograms were made with the 40:1 mag- 
nification of the Koch-Goos registering micro- 
photometer. 


PRESSURE EFFECT OF FOREIGN GASES 
ON BAND SPECTRA 


This source forms a very convenient method of 
producing absorption spectra of many diatomic 
molecules, with of course a small pressure 
broadening and shift for the lines of the bands in 
some cases, since 3 or 4 atmos. of gas pressure 
must be used. We have in this way photographed 
the AIH bands perturbed by He, BeO bands by 
Oz, CN bands by Nz and MgH bands by He, and 
have studied details of the pressure effect in the 
first two. The *2—*2 violet system of CN as 
produced in these intense capacity discharges 
between graphite electrodes persist as emission 
bands with quite sharp lines for all rotational 
levels of the lower vibrational states up to Ne 
pressures of 16 atmos. Only at the accumulation 
of lines at the heads of the bands is absorption 
evident at the highest pressure. No doubt the 
nonoccurrence of the CN bands in absorption is 
due to the strong tendency for the CN molecules 
to combine into the stable chemical forms before 
diffusion into the absorption region surrounding 
the discharge can take place. 

Spectrograms of the 'II—'S AIH (0,0) band at 
4260A in absorption at He pressures of 5.7, 10.7 
and 14.7 atmos. have been photometered in the 
interval between the Q(6) and P(22) lines. One of 
these microphotometer traces for the range Q(6) 
to Q(15) is reproduced in Fig. 1. The symmetrical 
contours are characteristic of hydrogen broad- 
ened lines.‘ Since lines having J >22 in this band 
become very diffuse and broad due to predissocia- 
tion,’ the frequencies of the maxima of all single 
P and Q branch lines with J<22 only were 
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Fic. 1. Microphotometer trace of absorption lines of the 
4260A AIH band broadened by 7 atmos. H»2 pressure. 


4H. Margenau and W. W. Watson, Rev. Mod. Phys. 8, 
22 (1936). 

5 E. Bengtsson and R. Rydberg, Zeits. f. Physik 59, 540 
(1930). 
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TABLE I. Pressure shifts vo and half-widths v,). per atmos. 
of Hz (cm™ units). 





LINES vo vis? vis? vO 
Hg 2537A 0.064 0.41 6.3 
, {5890A . . 
Na} 59064 0.148 0.65 4.3 


AIH 0.051 0.24 4.7 


measured on the photometer traces by interpola- 
tion between Fe lines. With increasing H2 pres- 
sure these frequencies are all shifted to the red by 
the same amount, the shifts being proportional to 
the pressure and with no evident variation with 
the rotational quantum number J. The mean 
value of this pressure shift to the red for all the 
lines is 0.051 cm™'+50 percent per atmos., the 
large possible error arising from the smallness of 
the wave-length shift (<0.01A per atmos.). All 
of these lines for any one He pressure have the 
same half-value width, this width increasing 
linearly with the pressure at a rate of 0.24+0.03 
cm! per atmos. 

A comparison of these pressure effects for 
AIH band lines with the corresponding shifts and 
widths of the Hg and Na resonance lines per- 
turbed by H:2 is made in Table I. It is apparent 
that these values, as well as that for the ratio of 
half-width to shift, for AIH differ but little from 
those for these S-P atomic transitions. This is in 
agreement with the theoretical considerations of 
Margenau.* The nonvariation of the pressure 
effects with molecular rotation is also in accord- 
ance with the theory. 

An estimate of the pressure shift produced by 
O, on the lines of the (0,0) 'S—'S band of BeO 
at 4709A has been made by photometering the 
lines P(12) to P(16) and R(53) to R(57) on an 
absorption spectrogram taken at 7 atmos. Oy» 
pressure, measuring the wave-lengths of the line 
maxima on this photometer trace, and comparing 
with the wave-lengths similarly determined for 
this band as developed in emission in air at 
atmospheric pressure. The absorption lines are all 
shifted to the red of the corresponding emission 
lines, the average shift being 0.196 cm™ with no 
dependence on the rotational state detectable. 
If the pressure difference between these two 
spectrograms is 6 atmos., the pressure shift per 
atmos. is thus about 0.033°cm™. The pressure 


®*H. Margenau, this issue. 





shift of the Hg 2537A line produced by Oz is 
0.123 cm™ per atmos., the smaller value for these 
BeO band lines being possibly due to the fact 
that both of the electronic states have closed 
shell configurations (= states). In this connection 
it may be noted that the pressure insensitive CN 
bands are also a transition between & states. 
PRESSURE EFFECT FOR THE Al 
RESONANCE LINES 


Fig. 2 is a comparison of microphotometer 
traces of the 3p?P,, —4s ?S resonance line of All 
at 3961A as developed in these capacity dis- 
charges between Al electrodes in Hz and No, both 
at 2.9 atmos. pressure. In Fig. 3 the intensity 
distribution through the same line is shown for 
H. and Nez pressures of 8.7 atmos. At the lower 
pressure one notices at once that both the emis- 
sion lines and the self-reversals have fairly sym- 
metrical contours, that the emission line is con- 
siderably broader than the absorption line, and 
that the intensity maximum of the emission line 
is markedly shifted to the red. At the higher 
pressure the very broad emission lines have 
become partially fused with the strong continu- 
ous spectrum, and the lines are virtually just 
broad absorption lines against an approximately 
continuous background. 

The maxima of the self-reversals are also 
shifted to the red by increase of Hz or N2 pressure. 
Measurement of these absorption maxima on the 
H.-broadened line by reference to the He lines 
shows a shift of 0.072A for the 8.7 atmos. 
pressure as compared to the wave-length at 2.9 
atmos. This represents a shift of 0.08 cm™ per 
atmos. which from Table I is seen to be an aver- 
age pressure shift for H»2-broadened resonance 
lines. The corresponding figure for the self- 
reversals of the Ne-broadened line as shown in 
Figs. 2 and 3 is 0.043 cm™ red shift per atmos. 
From these data, together with the estimates of 
the half-widths, one concludes that the pressure 
effect of the self-reversals is entirely due to forces 
of the van der Waals type between the absorbing 
Al atoms in the cooler regions surrounding the 
discharge and the perturbing foreign gas mole- 
cules. Certainly the reversals are not sharp 
absorption lines as reported by Finkelnburg.’ 
Humphreys’ some years ago, using different 


7, W. J. Humphreys, Astrophys. J. 26, 18 (1907). 
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Comparison of microphotometer traces of the 


Fic. 2. 
Al I resonance line at 3961A broadened by Hz and N; at 
2.9 atmos. 


experimental methods, determined the pressure 
shift of this (self-reversed) Al line for air at 42 
atmos. to be 0.180A to the red, a value which, per 
atmos., is in rough agreement with our value of 
the shift for nitrogen. 

For this 3961A line broadened by He at 2.9 
atmos. pressure shown in Fig. 2 the maximum of 
the emission line is shifted 0.546A or 3.48 cm™ to 
the red of its vacuum wave-length. The cor- 
responding shift of the emission maximum for 
Ne-broadening at the same pressure is 0.750A 
=4.78 cm™. Now Ishida and Fukushima® have 
measured the quadratic Stark effect on this Al 
line as a shift to the red of 0.5A in a field of 
500,000 volts/cm. Using Finkelnburg’s method of 
estimating the average interatomic electric field 
strength by noting the disappearance of the 
higher members of the Balmer series with in- 
creasing He pressure in comparison with the 
Stark effect findings of Rausch v. Traubenberg® 
on the existence limits of these lines in high fields, 
we should say that the mean interatomic field in 
our experiment at 2.9 atmos. He pressure was at 
least 500,000 volts/cm, since I/y is barely visible 
and all higher series members have disappeared. 
It would thus seem that interatomic Stark effect, 
with a considerable spread of the effective field 
about this mean value, is a major factor in 
broadening and shifting such an emission line in 
intense sources. Of course, resonance broaden- 
ing'® must make some contribution to the line 
breadth, but rough calculation assuming any 
reasonable value for the density of Al atoms 


*Y. Ishida and M. Fukushima, Sci. Papers Inst. Phys. 
and Chem. Res. 14, 123 (1930). 

ean Rausch v. Traubenberg, Physik. Zeits. 31, 958 
{ . ) 


” Reference 4, §5. 
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Fic. 3. Photometer traces of the 3961A Al line broadened 
by Hz. and Nz at 8.7 atmos. 


indicates a half-width from this source of but a 
fraction of 1 cm™. The emission line broadened 
by He as shown in Fig. 2 has a half-width of 
about 9 cm™, with at least 0.8 of the area to the 
red of the vacuum frequency position. 

The approximately 50 percent greater red 
shift of this Al emission line when N» rather than 
He is used at the same pressure is due to greater 
ion density and hence greater interatomic fields. 
For we find that the breakdown potential for the 
spark gap is about twice as great for Ne as for He 
(11,000 volts per mm gap space for N» as against 
5500 volts per mm for He for these spectra at 2.9 
atmos.). There is thus with the N» atmosphere a 
greater ionization in the path of the discharge to 
produce a larger quadratic Stark effect due to ion 
fields. If we assume that the density of ions n 
with No is twice as great as with the He, and use 
the result of the Debye" and Holtsmark" theories 
that the mean interatomic field F should vary as 
n3, then Fy,/Fu,=(2/1)**=1.36. If the red 
shift of the maxima of these pressure-broadened 
emission lines is due to quadratic Stark effect 
resulting from these fields, we have (Fy,/Fu,)* 

=0.75/0.54 or Fy,/ Fu, = 1.22. There is fair agree- 
ment between these two values of the ratio of the 
mean interatomic field strengths. 

To produce these high fields of the order of 10° 
volts/em there must be a sizable percentage 
ionization in the spark path. This is understand- 
able in view of the high current density which 
computation shows must be of the order of 
10,000 amperes/cm* in the first half-cycle of the 
condenser discharge. Transitions between energy 
states capable of existing in such fields should 

'' P, Debye, Physik. Zeits. 20, 160 (1919). 


2 J. Holtsmark, Physik. Zeits. 20, 162 (1919); Ann. d. 
Physik 58, 577 (1919). 
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always display some quadratic Stark effect 
which usually involves a shift of the frequency to 
longer wave-length. Sometimes, however, this 
Stark effect shift is to the blue, as, for example, 


and K lines) for which we observe at any pressur 
a blue shift of about 1/4 the amount of the red 
shift of the Al lines. 

We wish to thank Dr. Dana T. Warren for his 


in the 3933A and 3968A doublet of Ca II (the J7 assistance during the early stages of this work 
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A simple theory is presented describing pressure effects on band lines, insofar as they are 
due to foreign perturbing molecules without permanent polarity. Results are: Band lines are 
shifted and broadened much in the manner of atomic lines as a result of van der Waals inter- 
actions. Calculations with the models of a rigid rotator and a simple harmonic oscillator, for 
which formulas are given, show that the effects are practically independent of rotational and 


vibrational quantum numbers. 


HE effects of pressure on spectral lines are 

due, as is well known, to the interactions of 
the radiating particles with their neighbors. 
These interactions are of two main types: those 
which arise between similar systems, and those 
between dissimilar ones. The former are usually 
caused by optical resonance (except when both 
partners are unexcited), i.e., by the fact that a 
quantum of energy can be exchanged between 
the two agents in question; the magnitude of the 
perturbation is then proportional to the oscilla- 
tor strength (f value) corresponding to the 
resonance transition. The latter type of inter- 
action results from the mutual polarization of 
the partners; its magnitude depends on the 
f values of all possible transitions of both 
partners. 

The phenomenon of “‘self-broadening,”’ that is 
broadening by the same gas which emits or 
absorbs the line, is to be attributed principally 
to resonance interactions. It is particularly 
strong for atomic resonance lines, since their 
f values are large. Band lines, however, cannot 
be expected to exhibit this effect so markedly. 
For every electronic state of a molecule has. a 
multiplicity of sublevels capable of combina- 
tions. The f value, which in the atomic case be- 
longed to a single transition, is divided between 


several transitions, and the sharpness of reso- 


nance is thereby impaired. On the other hand, 





the second effect, which is evident in the broaden- 
ing and displacement of lines by pressures of 
foreign gases, is of comparable magnitude in 
atoms and in molecules. It is to this effect that 
we wish briefly to call attention, since recent 
experiments by Watson and Hull' have yielded 
some quantitative information regarding it. 

When a molecule in a state k is subject to the 
influence of a perturbing gas molecule having no 
dipole moment, and in its normal state, the sys- 
tem undergoes an energy change which is 
given by 

2 (qr)orn\7| (Gr) kx |? 
BE = —-— >’ 
3R® « Fy—Fot+tk,— Fy 

a formula which results from an application of 
the ordinary perturbation theory. Fp is the energy 
of the normal state of the perturber (I), the 
E's are the energies of the excited molecule (II), 
gr denotes the dipole moment associated with a 
transition. The index \ labels the states of I, 
x those of II. R is the distance between the 
particles, and the bar over AE indicates that an 
average over all orientations of molecule IT has 
been taken. Formula (1) neglects the contribu- 
tion of multipoles. 

Since Fy) denotes the lowest energy of the 
perturber, all differences F,—F are positive. 

1 W. W. Watson and G. F. Hull, Jr., Phys. Rev., this 


issue. 
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PRESSURE EFFECTS 
Moreover, they are all large, of the order of a few 
electron volts, because it was supposed that 
molecule I has no dipole moment; for if rotational 
levels in the neighborhood of F 5 exist, their 
(gr) would then The 
E,—E,, on the other hand, may in general be 
either positive or negative. AE may, in fact, have 


vanish. differences 


either sign. Hence band lines can show asym- 
metrical broadening and shifts to the red as well 
as to the blue. 

The order of magnitude of the perturbation of 
band lines is the same as for atomic lines. Every 
E,— FE, involves principally an electronic energy 
difference, with relatively small increments due 
to vibrational and rotational transitions super- 
posed. If, for a rough approximation, we neglect 
the latter against the electronic parts of E,—E, 
and perform a suitable summation in (1) over 
these degenerate states, we are left with an ex- 
pression in which the matrix elements in the 
numerators as well as the energies in the de- 
nominators are of the same general magnitude 
as they would be for atoms. 

An abnormal situation of quasi resonance 
arises when some of the differences E;,—F, are 
approximately equal to some F,— Fo. This case 
is more likely to occur with molecules than with 
atoms since the levels are spaced more closely 
and coincidence is more probable. Irregular 
perturbations may then be observed, to which 
the following considerations do not apply. 

Let us now turn to the more interesting ques- 
tion of the dependence of the perturbations, 
and hence the line widths, upon rotational and 
vibrational quantum A 
answer to the first part of this question may be 
obtained by applying Eq. (1) to the interaction 
between a normal perturber and a rigid rotator 
of dipole moment yu. The matrix elements for the 


numbers. reasonable 


rotator and its energies are well known; if they 
are substituted in (1) and the summation over 
the degenerate states is performed, the result is 


os 2 1 
AE; = _— . ls (Gr) on 
3 R® 274115 
J+1 e 
x (2) 


. + 
F,—Fo—2(0J+-1)B Fx —Fp+2JB/} 


where B=h*?/8x°J. The order of magnitude of 


this energy, which is to be added to the electronic 
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perturbations just discussed, is found by neglect- 
ing the terms with B as compared to F\—F 
the classical 


Expression (2) then reduces to 


interaction energy between a molecule of polar- 
izability @ and a dipole of moment xz, and be- 
comes independent of J: 
. : da ‘i , > 
AE=- > =— : 3 
3R° x. Ky 
For a dipole of moment ~10~', this energy is 
only about 1/20 of the electronic perturbation. 
the 


number J is even more insignificant. The part of 


The dependence on rotational quantum 
(2) which depends on J and which must be added 


to (3) is —(ap?/R*)-4J°B?/( Fy — Fo 


by expanding (2) (neglecting smaller powers of 


2, as Is seen 


J). The denominator of the last factor stands for 
some mean of (F,\—F,))?; the last factor itself 
is thus completely negligible. A change in the 
width quantum 
number is therefore not to be expected as a 


of band lines with rotational 
result of the cause here considered. 

A similar situation exists with regard to the 
dependence of this effect on the vibrational 
quantum number. An estimate sufficient for the 
present purposes may be derived by taking a 
simple harmonic oscillator in place of molecule II. 
With 
oscillator in three dimensions, and upon averag- 
formula (1) finally 


the use of the matrix elements for the 


ing over all orientations, 
reduces to 


AE, = (q?Ey,'mu*R)a. (4) 
Here a@ is again the polarizability of the perturb- 
ing molecule, £, the energy and g the charge of 
the vibrator, while m and w are its mass and its 
classical Perturbation (4) still 
smaller than the effect given by (2) by a factor 
about 10, although the 
vibrational quantum number 7, contained in E£,, 


is 


frequency. 
the dependence on 


is more marked. 

Theory predicts, therefore, that within at- 
tainable experimental accuracy the pressure of a 
foreign gas should shift and broaden all lines 
belonging to a _ given electronic transition 
similarly, and that they should react to foreign 
pressure approximately in the manner of the 
atomic line to which the transition corresponds 


as to type and energy. 
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Investigation of Certain Effects Accompanying the Diffraction of Low Speed Electrons 


H. E. FArNswortn, Brown University, Providence, R. I. 
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Influence of surface action. A test was made for the 
effect of density and arrangement of atoms in the surface 
plane on the fine structure of electron diffraction beams 
from a silver single crystal. This was done by observing 
the structure of the diffraction beams corresponding to 
Bragg reflections from a (210) and a (520) set of planes 
for two different boundary planes of the crystal ((100) 
and (110) planes). For the second-order beam from the 
(210) planes at about 200 volts, and the first-order beam 
from the (520) planes at about 300 volts, the changes in 
fine-structure characteristics due to a change in the surface 


SURFACE ACTION 


M v. LAUE! has estimated the voltage 
e range in which there should be an ap- 
preciable effect on the diffraction of electrons 
due to the gradual transition of the field across 
the boundary of a crystal. He concludes that this 
surface action may be neglected for electrons 
with energies greater than 200 electron volts, but 
that for lower speed electrons it is doubtful if 
such a treatment is permissible.? Because we’ 
have observed unexpected fine-structure char- 
acteristics in the diffraction of low speed electrons 
by metallic single crystals, it is important to 
determine if these characteristics are due to or in 
any way influenced by such surface action. We 
have previously pointed out that there appear to 
be several methods of obtaining such informa- 
tion, and some evidence on this point has 
already been reported.* 

The object of the present investigation is to 
ascertain if the fine structure characteristics are 
greatly affected by a change in the density and 
arrangement of atoms in the surface layer. v. 
Laue’s final formula for the effect of the surface 


1M. v. Laue, Phys. Rev. 37, 53 (1931). 

*In obtaining this value, v. Laue considers a simple 
cubic lattice equivalent to hydrogen atoms of spacing 
4x10°-% cm. (Also see Ehrenberg, Phil. Mag. 18, 878 
(1934).) Since the scattering of high speed electrons: by 
atoms of atomic number Z is proportional to (Z—F)? where 
F is the atom form factor for x-rays, it follows that the 
effect of the surface atomic layer will be greater in the 
case of the heavier atoms. Although this formula does not 
hold for low speed electrons, it is to be expected that the 
scattering effect of the surface atomic layer will be greater 
for the heavier atoms in this case also. 

3H. E. Farnsworth, Phys. Rev. 40, 684 (1932). 


atomic layer of the amount indicated are small compared 
to the differences in fine structure characteristics of the 
beams from different sets of atomic planes. Directional 
effects. A new type of directional effect was observed 
which shows a dependence of beam structure on the 
direction of the diffracted beam in the crystal. Further 
observations on deviations from the surface grating 
formula also indicate the presence of directional effects 
Etching of the type obtained by Sproull was observed. 
A sensitive method of observation for determining what 


crystal facets are present is described. 


layer contains, among other things, the density 
of the atoms in this layer, i.e., a change in the 
surface density alters the voltage below which the 
effect of the surface layer becomes appreciable. 
Hence, if the fine structure depends on surface 
action, the maximum voltage at which it is 
present should depend on the spacing; and pre- 
sumably the exact form of the fine structure, at 
any voltage for which this structure appears, 
should be altered by a change in the surface 
density of atoms. 


METHOD 


A change in the atomic density of the surface 
layer may be realized in the following manner. 
With a silver crystal having a surface boundary 
parallel to a (100) set of planes, diffraction 
beams may be obtained which correspond to 
Bragg reflection from a (210) set of planes. 
Bragg reflection from this same set of (210) 
planes may be obtained also from a second silver 
crystal whose boundary is parallel to a (110) set 
of planes. The difference between the two cases 
is that the incident and emergent beams of 
electrons pass through a (100) boundary plane 
in one case and a (110) boundary plane in the 
other case. Hence, a comparison of the results for 
these two cases should reveal any effect due to the 
difference in the boundaries of the two crystals. 
Clearly, this experiment requires that the surfaces 
of the two crystals shall be made up entirely of 
facets of atomic planes parallel to the surface 


boundary planes. Silver crystals are suitable 
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because either (110) or (100) planes can be de- 
veloped exclusively by proper etching in nitric 
acid.* The concentration of the acid determines 
the type of facet developed. Thus two silver 
crystals were cut and etched so that only (110) 
facets were developed on a (110) face of one, and 
only (100) facets on a (100) face of the other. 
After etching, both of 
smooth and mirror-like. Tests by optical and by 


these surfaces were 
electron-diffraction methods showed in each case 
no observable amount of etching parallel to other 
sets of planes. 

In order to obtain the same angle of incidence 
on the (210) set of planes for the two cases, 
different angles of incidence at the two crystal 
surfaces are required, as shown in Fig. 1. Normal 
incidence on the (100) surface corresponds to an 
angle of incidence of 26.56° on the (210) set of 
planes. For the same angle of incidence on these 
planes when the primary beam passes through 
the (110) surface, the angle of incidence on this 
surface must be 8.12°, assuming unit refractive 
index. For a refractive index greater than unity, 
a larger angle of incidence on the (110) surface 
is required. Similarly, normal incidence on the 
(100) surface corresponds to an angle of inci- 
dence of 21.8° on the (520) set of planes. For 
the same angle of incidence on these planes 
when the primary beam passes through the (110) 
surface, the angle of incidence on this surface 
must be —1.4° (minus sign indicates that inci- 
dent and emergent beams are on the same side of 
the normal to the surface), assuming a unit 
refractive index. 

The apparatus and procedure have been de- 
scribed previously.? Under best vacuum condi- 
tions the pressure was of the order of 10~§ mm 
Hg as measured by an ionization gauge. After the 
usual initial outgassing of the whole tube, the 
crystal was cautiously heated for a few hours by 
bombardment from the rear at a very dull red 
heat such that no observable evaporation oc- 
curred. This was very important since previous 
observations had shown a very marked tendency 
for the (110) surface to etch parallel to (111) 
and (100) sets of planes during evaporation, as 
indicated by the presence of Bragg-type beams 


* Reference 3, p. 699. 
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> (110) 
Fic. 1. fa) Cross section of the silver lattice normal to a 


001] direction. The (100), (210) and (110) planes are 
normal to the plane of the paper, and their traces on this 
plane are indicated in the figure. (b) The same as (a) except 
that it shows a trace of the (520) plane on the plane of the 
paper. 


from the facets etched during evaporation. In 
accord with previous observations with silver 
crystals this relatively small amount of out- 
gassing was sufficient to eliminate observable 
effects of surface gas layers. Briefly the pro- 
cedure was as follows: Beginning with observa- 
tions on the various diffraction beams for normal 
incidence, the primary voltage was varied in 
small steps, and for each voltage we obtained the 
beam maximum by adjusting the angular posi- 
tion of the Faraday collector, while keeping the 
total primary current constant for the entire set 
of observations. This gave the intensities of the 
beams as a function of voltage. By repeating this 
procedure for different angles of incidence, we 
obtained the beam intensities as a function of 
angle of incidence. 


RESULTS 


Fig. 2 shows the observations of the first and 
second-order reflections from the (210) set of 
planes and the first-order reflection from the 
(520) set of planes, for each of the two silver 
crystals. The upper curves were obtained when 
the primary electrons were incident on the (100) 
face (these have been published previously*), 
and the lower ones when the primary electrons 
were incident on the (110) face. The lower curves 
and their scales of abscissae for the (210) set of 
planes have been displaced about 8° to the left 
with respect to the upper ones. This is the differ- 
ence in the external angle of incidence required 
to make the internal angles of incidence on the 
(210) set of planes the same in each case, as- 
suming no inner potential. A positive inner po- 
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ANGLE 


OF INCIDENCE 


Fic. 2. Curves showing relative intensities of beam components as a function of angle of incidence for a silver 


crystal. I, first-order reflection from the (210) set of planes 
order reflection from the (210) set of planes with the primary 
from the (210) set of planes with the primary beam entering 


set of planes with the primary beam entering the (110) face. 


with the primary beam entering the (100) face. I], first- 
beam entering the (110) face. III, second-order reflection 
the (100) face. IV, second-order reflection from the (210 
\, first-order reflection from the (520) set of planes with 


the primary beam entering the (100) face. VI, first-order reflection from the (520) set of planes with the primary 


beam entering the (110) face. 


tential would make the shift somewhat larger. 
For the (520) set of planes the corresponding 
shift of the lower curves is about 1.4° to the 
right. 

When comparing the curves in Fig. 2, it should 
be kept in mind that they are obtained from a 
series of experimental curves. Each point of the 
curves shown represents the maximum of an 
experimental curve. In addition to the number of 
components, the significant features of the fine- 
structure characteristics are the rapid charges 
of intensity and the shifts in voltage with change 
in angle of incidence. Referring to the second- 
order beams from the (210) planes, we note a 
correspondence in general appearance and volt- 


ages. The maxima occur at 203.5 and 206.5 volts, 


respectively. There is an indication of an unre- 
solved component on the low voltage side, and 
also a more prominent component on the high 
voltage side of each curve. The most striking 
similarity, however, is in the great change of 
intensity of several hundred percent for a change 
in the angle of incidence of a few degrees, with 
the maximum of intensity coming at nearly the 
same angle of incidence and voltage in the two 
cases. The first-order beams from the (520 
planes also show similarity with three main 
components having approximately the same 
relative intensities in the two cases. The com- 
ponents from the (110) surface are separated 
more in both angle of incidence and voltage than 
those from the (100) surface. A very weak com- 
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ponent on the high voltage side for the (100) 
surface was not found for the (110) surface, but 
all components from this latter surface are much 
weaker than those from the former. The simi- 
larity of these curves appears even more striking 
when one considers the great differences in fine- 
structure the beams from 
different sets of atomic planes as shown in Fig. 9 


characteristics of 


of a previous publication.’ The correspondence 
between the first-order reflections from the (210) 
planes is not so close as that of the ones just 
considered, although three major 
components in each case.‘ 

Before attributing the above differences to 
surface action, other possible causes should be 


there are 


considered. (1) The atoms on the two sides of a 
(210) reflecting plane are not symmetrically 
arranged with respect to this plane. Since the 
primary electron beams in the two cases con- 
sidered are incident on opposite sides of the 
(210) planes, a possible directional effect might 
introduce a difference in the results for the two 
cases. A test for a directional effect which might 
be responsible for the differences just mentioned 
is described in the following section of this paper. 
While a type of directional effect was observed, 
none was found to be present which would ac- 
count for the difference in question. (2) As 
mentioned above, in order for the angles of 
incidence on the (210) planes to be the same in 
both cases, the angles of incidence on the crystal 
boundaries must be different. This will cause a 
different dispersion effect in the two cases if the 
crystal has a positive inner potential ¢. This is 
because the refractive index is given by 


sin 2 V+¢\? A (outside) 
b= — —_— - 


sin 7 ] d (inside) 


and, with a constant external angle of incidence 
other than zero, the direction of the beam inside 
the crystal is changed as the primary voltage V 
or wave-length X is changed. Since the fine- 
structure characteristics, which are obtained by 
varying the primary voltage, are very sensitive 
to changes in angle of incidence, they should be 

‘In a preliminary abstract (Phys. Rev. 43, 778 (1933)) 


written before complete observations were made, it was 
stated that there is an unsymmetrical reflection from 


opposite sides of an atomic plane. 


OW 
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altered by this dispersion which would be a 
different function of the primary voltage in the 
two cases considered. This effect should also be 
greatest in this low voltage region and decrease 
as the voltage is increased since the ratio of 
(V+¢)/V decreases as V increases. 

Although there is no obvious method of dis- 
tinguishing between an effect of dispersion and 
that due to surface action, it appears probable 
that the first is appreciable for the low voltage 
beam. While the differences in the higher voltage 
beams may be attributed to surface action, it is 
significant that the changes in the fine-structure 
characteristics due to a change in the surface 
atomic layer of the amount indicated are small 
compared to the differences in fine-structure 
characteristics of the beams from different sets of 
atomic planes. This seems to indicate that the 
surface action does not play a major part in the 
determination of fine-structure characteristics. 
However, because of the low penetration even at 
300 ev (see the following paper) one expects the 
surface action to be appreciable over the whole 
voltage range of the observations. Similar obser- 
vations on other diffraction 
highly desirable, but unfortunately the number 
of available beams on which a test can be made 


beams would be 


is very limited. The third-order reflection from 
the (210) set of planes occurs at about 500 volts 
where the intensity of reflection is small, and the 
fine-structure characteristics are less pronounced 
and are difficult to observe. 


DIRECTIONAL EFFECTS 


In the previous section we indicated the im- 
portance of determining whether directional 
effects exist when electrons are reflected from 
atomic planes, such as the (210) set, with respect 
to which the atoms on opposite sides are ar- 
ranged unsymmetrically. Since the atoms are also 
arranged unsymmetrically with respect to a 
plane perpendicular to both the (210) planes and 
the plane of Fig. 1, a directional effect might also 
be expected to appear when comparing two 
beams reflected from the same side of the (210) 
plane, but which are incident at equal angles on 
opposite sides of the normal to the plane. To 
eliminate dispersion effects the reflecting plane 
must be a boundary plane of the crystal. The 
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(111) planes of a face centered cubic crystal 
possess similar unsymmetrical characteristics 
and are preferable for experimental reasons. Al- 
though such directional effects are not to be ex- 
pected from simple diffraction theory, one type 
of directional effect for high speed electrons 
diffracted by single crystals of sodium chloride 
and sodium fluoride has been reported by G. A. 
Morton.® In the present case a possible connec- 
tion is sought between such an effect and the 
fine structure of the diffraction beams. 

A silver crystal was cut and ground parallel to 
a (111) set of planes. It was then etched in a 
solution of nitric acid of such strength (60 to 
65 percent by vol. of acid in distilled water at 
room temperature) that only (111) facets were 
developed.* 

Fig. 3 shows the arrangement of the atoms in 
the plane of incidence. The crystal was mounted 
so that Bragg reflection curves could be taken 
for various angles of incidence between 8° and 
45° (measured from the normal) in both the 
(100) and (111) azimuths. 

The Bragg-type curves for the same angles of 
incidence in these opposite azimuths checked so 
closely that no directional effects of the type 
sought were detected. However, an unsym- 
metrical effect of another type was observed. 
When the regular Bragg reflection curve was 
taken in the (111) azimuth at about 41° angle 
of incidence it was found that all of the beams 
showed a double maximum in colatitude. But for 


\V/ \4 
(i) AZ—_~.—_- —o— o—+ (I00)AZ 


Y 


Fic. 3. Cross section of the silver lattice normal to a 
[011] direction. The (111) boundary plane of the crystal 
is normal to the plane of the paper, and its trace on this 
plane is indicated by the solid horizontal line. 


5G. A. Morton, Phys. Rev. 44, 952 (1933). 
* Reference 3, p. 699. 
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Fic. 4. Intensity of regular reflection from the (111) set 
of planes for angles of incidence of 41°. Curves A and B 
are for the (111) and (100) azimuths, respectively. Curves 
A, and A» are colatitude curves (angle, measured from 
primary beam, is twice the angle of incidence) correspond- 
ing to the 40 and 179 volt peaks of curve A. 


the same angle of incidence in the opposite (100 
azimuth only single maxima were observed. 
Fig. 4 shows two Bragg reflection curves which 
were both taken at a 41° angle of incidence but in 
opposite azimuths. The two curves check as 
closely as may be expected. The two colatitude 
curves illustrate the double maxima obtained 
at this angle of incidence in the (111) azimuth. 
The colatitude angles are measured from the 
primary beam, and hence a single beam maxi- 
mum is to be expected at twice the angle of 
incidence or at 82°. This is the position of one 
maximum but there is another maximum at 
approximately 87°. The relative intensities of the 
two components of the various maxima are not 
the same and do not vary in the same manner as 
the angle of incidence is changed. Both compo- 
nents are present over a range in angle of inci- 
dence of about 3° on either side of 41°. Outside 
of this range only single maxima are present. 
This appears to be one manifestation of the 
fine-structure characteristics but no reason has 
been found for the particular angle at which it 


occurs.® 


® The direction of the diagonal of the cube face, which is 
the direction of the most densely populated rows of atoms 
in the crystal, makes an angle of 35.3° with the normal to 
the surface. The difference of 5.7° between this direction 
and that of the emergent beam within the crystal would be 
decreased by a positive inner potential of the crystal, but 
there is no apparent reason for a correlation of this sort 
if it does exist. 
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DEVIATIONS FROM THE SURFACE GRATING 
FORMULA 

In a previous paper’ we have reported obser- 
vations on this subject. The procedure was to 
plot sin ¢ against (150/V)!. This plot contained 
theoretical curves giving the plane grating con- 
ditions for waves diffracted, in a particular 
azimuth, from certain atomic planes. Thus for 
the surface grating one obtains straight lines 
(one for each order of diffraction) while for an 
atomic plane not parallel to the surface one ob- 
tains a set of curved lines which were referred to 
as depth grating lines. The points of intersection 
of the different sets of lines correspond to the 
expected diffraction beams from the three di- 
mensional grating. However, due to the fact that 
the experimental diffraction beams are present 
over a considerable range of colatitude angle ¢ 
and primary voltage V, a series of points was 
plotted for each observed diffraction beam 
showing its growth and decay with change of 
primary voltage. Since the surface plane of 
atoms has a predominating effect because of 
the high absorption, one expects the experi- 
mental points to follow the surface grating lines. 
In the paper referred to it was shown that this is 
frequently not the case. In many cases a depth 
grating formula is more nearly followed. Also a 
dependence on the angle of incidence of the 
primary beam was noted. The experimental 
points for some of the beams follow one grating 
formula for one angle of incidence and a different 
grating formula for another angle of incidence. 
This suggested a type of directional effect, but 
it was pointed out that if a portion of the surface 
is etched parallel to a set of atomic planes other 
than the one coinciding with the geometric 
boundary, we may expect the parts of the beam 
reflected from this portion of the surface to 
follow a grating formula for this surface. In 
terms of the plot referred to above this means 
that a set of the curved lines, which was used to 
represent a depth grating of the crystal, also 
represents a surface grating for any facets which 
are etched parallel to the corresponding set of 
atomic planes. 

It was possible to obtain further information 
regarding this question during the present 


"H. E. Farnsworth, Phys. Rev. 43, 900 (1933). 


investigation of surface action while using a 
silver crystal cut and etched parallel to a (110) 
set of planes. Evaporation from such a silver 
crystal due to heating in a vacuum causes marked 
etching parallel to (111) and (100) sets of planes. 
Observations on the variation of colatitude 
angle with primary voltage were obtained both 
before and after this etching. Typical results are 
shown in Fig. 5. Proceeding as in Fig. 4 of the 
earlier paper,’ the lines were plotted from plane 
grating formulas obtained by considering certain 
rows of atoms which are perpendicular to the 
plane of the insets that are shown for the (100) 
and (111) azimuths on the left and right, re- 
spectively. These rows pass through the points 
indicated in the insets and the trace of an atomic 
plane (containing these rows) on the plane of the 
paper is indicated by the same type of line as 
that used for the associated plane grating lines 
for that particular azimuth. The (100) azimuth 
is such that the trace of its plane on the (110) 
surface plane coincides with the direction of a 
face diagonal of the unit cell. The (111) azimuth 
is in a plane at right angles to this. The equations 
of the lines in the plots for the (100) azimuth are 
the following, where the length of a cube edge 
of the unit cell is represented by a. 


n,;\=(a/2!) sin ¢, 
nod = (a /8')+(a/2) cos (6+ 45°), 
ns\ = (a/2')(1+ cos ¢). 


For the plots in the (111) azimuth the following 
equations apply. 


nivx=a sin ?, 

nod = (a /8') + (3/8)'a cos (6+54° 45’), 
n3\=(a/2!)(1+ cos @), 

ngd= (a /8!) +(3/8)!a cos (54° 45’—¢). 


Referring to Sets 1, 2, and 3, it is seen that the 
solid line curves correspond to a plane of atoms 
containing the points 0 and 2 in the left-hand 
inset and normal to the plane of the paper. This 
is a (100) plane. Similarly for Sets 4 and 5, the 
solid line curves correspond to a plane of atoms 
containing the points 0 and 2 in the right-hand 
inset. This is a (111) plane. Since the normals to 
(100) planes lie only in (100) azimuths while 
normals to (111) planes lie only in (111) azi- 
muths, it follows that electron beams corre- 
sponding to Bragg reflection from crystal facets 
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of primary beam. The points are experimental observations, and the arrows indicate which ones correspond to maxima 
he lines are plotted trom grating formulas obtained by considering the corresponding rows of atoms shown in the 
insets for the two azimuths, respectively. Sets 1, 2 and 4 were obtained before evaporation from the crystal due to 


heat treatment. Sets 3 and 5 were obtained after considerable evaporation. 


etched parallel to (100) planes will be observed 
only in (100) azimuths, and beams corresponding 
to reflection from facets etched parallel to (111) 
planes will be observed only in (111) azimuths. 
The observations in Sets 1 and 2 show the effect 
of changing the angle of incidence. The experi- 
mental points for some of the beams show a 
decided shift in their relative positions. The 
observations in Set 3, which were taken after 
considerable evaporation, show that (100) facets 
exposed by evaporation now largely determine 
the grating followed by the experimental points 
in this azimuth (except for the highest voltage 
beam shown). The original (110) surface planes 
have practically disappeared. Other observations, 
not shown, were taken during the progress of the 
etching and show the experimental points 
characteristic of both the (100) and (110) sur- 
face planes. These observations reveal the sig- 


nificant fact that, as long as (110) facets are 





present, the presence of (100) facets has no effect 
on the positions of the experimental points due 
to (110) facets, as given in Sets 1 and 2, Fig. 5 
The presence of the (100) facets is revealed by 
the appearance of additional experimental points 
which follow the grating lines corresponding to 
(100) planes. This supports the view that the 
effect illustrated in Sets 1 and 2, Fig. 5 is a real 
directional effect, and is not due to the presence 
of facets which are not parallel to the geometric 
boundary of the crystal. The observations in 
Sets 4 and 5, respectively, were obtained before 
and after evaporation which exposed (111) 
facets, and illustrate how completely the surface 
layer of atoms predominate under these condi- 
tions. The presence of the experimental points 
over ranges greater than those in the (100) azi- 
muth is probably due to the greater area of the 
etched (111) facets compared with that of the 
(100) facets. This etching is of the type observed 
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by Sproull* for a tungsten crystal. With a (112) 
surface plane of tungsten and the azimuth 
perpendicular to the cube diagonals, beams 
which obeyed a depth grating formula corre- 
sponding to rows of atoms in the (011) plane 
were found by Sproull at every primary voltage 
tried. We® have previously pointed out that 
these observations can be explained by assuming 
the presence of etched facets parallel to (011) 
planes resulting from evaporation during heat 
treatment of the crystal. G. P. Thomson’? has 
also suggested a similar interpretation. The 
above observations from a silver crystal are seen 
to be of just this type. We have further verified 
this interpretation by checking the positions of 
the diffraction beams shown in Set 5 of Fig. 5 
when using a silver crystal cut and etched 
parallel to a (111) set of planes, and set at the 


1932); 43, 516 (1933). 
1933); 44, 417 


§ \W. T. Sproull, Phys. Rev. 42, 904 
®H. E. Farnsworth, Phys. Rev. 43, 906 
(1933). 


10G. P. Thomson, Phys. Rev. 44, 417 (1933). 
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proper angle of incidence in the (111) azimuth to 
correspond to these observations. 

The fact that no beams characteristic of the 
(100) or (111) facets were obtained with the 
silver crystal which was chemically etched 
parallel to a (110) set of planes proves the effec- 
tiveness of the method in etching parallel to only 
one set of crystal planes. It may also be noted 
that it was found possible to heat the silver 
crystal for many hours at temperatures up to 
about 650° or 700°C without the appearance of 
diffraction beams (100) or 
(111) facets, thus indicating that there was no 
appreciable evaporation at this temperature. 

The sensitivity of this method of detecting 
what crystal facets are present should be of 
value in any experiment which is concerned with 
the surface properties of particular crystal facets 
such as the photoelectric characteristics. 

Messrs. E. C. Bray, C. R. Lewis, A. E. Hast- 
ings, J. C. Turnbull, and Dr. B. A. Rose have 
aided at various times in taking the numerous 


characteristic of 


observations. 
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Penetration of Low Speed Diffracted Electrons 


H. E. FarNswortu, Brown University, Providence, R. I. 


(Received February 19, 1936) 


A known number of atomic layers of one metal was 
deposited on the surface of a single crystal of another metal 
by evaporation in a high vacuum. Direct results on depth 
of penetration were obtained from measurements on elec- 
tron diffraction as a function of the thickness of the surface 
layer. A silver film having a thickness up to 15 atoms does 
not form in a single crystal when deposited on the (100) 
face of a copper crystal. A monatomic layer reduces the 
maxima of the beams from the copper lattice by at least 
70 percent for energies up to 300 ev. A number of foreign 


INTRODUCTION 


LTHOUGH it is known that low speed 
electrons are diffracted by only a small 
number of atomic planes at the surface of a 
metal crystal, there have been no direct quanti- 
tative data on the which is 


exact number 


effective in special cases. 


silver atoms equal to a few hundredths of that contained 
in a monatomic laver can be detected by this method. A 
silver film forms in a single crystal when deposited on the 
(100) face of a gold crystal. At least 50 percent of the 
maximum of each diffraction beam from a thick silver 
crystal is contributed by the surface atomic layer of silver, 
for energies as high as 300 ev, while at least 90 percent 
is contributed by a surface layer two atoms thick. A pos- 
sible selective effect was observed for low voltage reflection 
from a film 2 atoms thick. 


Davisson and Germer' calculated a rate of 
extinction for 54-volt electrons in a direction 
perpendicular to a (111) surface of a nickel 
crystal. In making the computation, use was 
made of the intensity-voltage relation which 
was assumed to be determined entirely by the 


! Davisson and Germer, Phys. Rev. 30, 705 (1927). 
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rate of extinction in the crystal. As they state, 
this assumption appears justified since the 
product V! sin ¢ (g=colatitude angle) is nearly 
constant for the 54-volt beam. However, since 
this product is not constant for most diffraction 
beams, and since observations by the writer? 
have shown that changing certain factors such as 
the angle of incidence by small amounts may 
greatly affect the variation of this product, it 
follows that this method of computation cannot 
be used in general. 

Mention has already been made in the previous 
paper of the computations of v. Laue, based on 
wave mechanics, which estimate the contribution 
of the surface atomic layer to the intensity of the 
diffracted beam for the case of hydrogen atoms, 
and of the uncertainty of making accurate 
corrections which apply to heavier atoms when 
using low speed electrons. 

In the present experiments, direct quantitative 
data on the penetration of low speed electrons in 
a silver lattice were obtained because of their 
bearing on other results of electron diffraction 
discussed in the previous paper. In addition, it 
is shown that, because of the low penetration, 
such data are also of value in any work on 
surface characteristics which requires a know!- 


edge of the number of foreign atoms present. 


APPARATUS AND PROCEDURE 


The method consisted in depositing a known 
number of atomic layers of one metal on the 
surtace of a single crystal of another metal, and 
then obtaining measurements on electron diffrac- 
tion as a function of the thickness of the surface 
layer. Silver atoms were deposited on the (100) 
faces of both copper and gold single crystals. 
The deposition was made by evaporating from a 
hot solid silver source in a high vacuum, the rate 
of evaporation of the source at a known tem- 
perature having been determined previously. 
Information on the rate of extinction was ob- 
tained by observing the intensities of the diffrac- 
tion beams from the underlying crystal as a 
function of the thickness of the surface layer. 
In the case of silver on gold, for which the 
surface layer forms in a regular crystal lattice, 


2H. E. Farnsworth, Phys. Rev. 40, 684 (1932); 43, 900 
1933). 





the intensities of the beams from this layer were 


obtained as a function of the thickness. 

The arrangement of the source is indicated in 
Fig. 1. A slab of silver was completely enclosed 
in a tight cylindrical molybdenum container: 
except for a 1-mm circular opening in the center 
of the upper end through which the vapor 
passed. The silver was heated by radiation from 
a flat spiral tungsten filament which was placed 
directly beneath it, and was enclosed in a 
molybdenum radiation shield. A chromel-alume!l 
thermocouple imbedded in the side of the silver, 
when used with a Leeds and Northrup type K 
potentiometer and sensitive galvanometer, indi- 
cated the temperature and was sensitive to a 
change of temperature of 0.01°C. 

The silver source was calibrated by depositing 
on clean microscope cover glasses, which could 
be moved alternately into the path of the vapor 
stream, for known lengths of time with the 
source at 850°C, the weight of the deposit being 
determined with a sensitive micro-balance. The 
rate of deposit was such that 0.000113 g of 
silver was deposited on 1.37 sq. cm at a distance 
of 11.4 cm from the source in 54 hours. At this 
rate a layer one atom in thickness was deposited 
in approximately 8 min., assuming the number 
of atoms per unit area to be that of a (100 
plane of the normal silver lattice. It was noted 
that the silver film became visible when the 
thickness was between 10 and 15 atomic layers. 
The deposit was weighed as soon as possible 
after coming in contact with the air. The silver 
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Fic. 1, Source of silver vapor. 
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film was then removed with a sharp razor blade 
without touching the cover glass with the hands 
and the The 
whole assembly was thoroughly outgassed before 
making the deposits so that the rate of evapora- 
would remain 
The Pyrex tube containing the 


weight of the glass determined. 


tion at a given 


constant in time. 


temperature 


silver source was then sealed directly to the 
experimental tube with no ground or wax joints 
so that when the crystal was withdrawn into a 
side tube for bombardment it was also in 
approximate position for receiving a deposit. 
The crystal could be rotated so as to deposit at 
normal incidence. 

The present pumping system consists of two 
n-butyl phthalate vapor pumps in series which 
are backed by a Cenco Hyvac pump. The con- 
densing traps between the experimental tube and 
vapor pumps, and between the Hyvac pump and 
vapor pumps with COs snow in 


acetone. The experimental tube was kept sealed 


were cooled 
to the pumping system throughout the experi- 
the run 
The pressure under best conditions as 


ments, and vapor pumps were con- 
tinuously. 
measured with an ionization gauge was approxi- 
mately 10-* mm Hg. During the deposits it was 
less than 5X 10-* mm Hg. Check readings taken 
after heating the silver source at 850°C, but with 
the crystal not exposed for a deposit, showed no 
observable change in the intensities of the 
diffraction beams so that the observed changes 
resulting from deposit are due to silver, and not 
to gas atoms. Although the source was calibrated 
only at the beginning, check readings on beam 
intensities taken under the same conditions, over 
a period of 
evaporation took place, indicated that there was 
We believe the error in 


time during which considerable 
no appreciable change. 
the computed value for thickness of deposit 
should not exceed ten percent. In 
the thickness of the silver film the number of 


computing 


atoms per unit area was assumed to be that of a 
(100) plane of the normal silver lattice. At no 
time was there any indication of a tendency of 
the film to form in patches on either crystal 
when left for days at room temperature. 


RESULTS 


Fig. 2 shows colatitude curves for two beams 
of different voltages taken at normal incidence 


OW 
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100) face of a after 


depositing different thicknesses of silver. 


on the copper crystal 

It is seen that a layer of silver two atoms thick 
is sufficient to absorb almost completely both 
the 60- 296-volt that the 


intensities are greatly layer 


and beams, and 


reduced by a con- 
taining one-fourth as many atoms. A layer one 
atom thick reduces the maxima of the beams by 
70 percent for energies up to 300 ev. 
that a 
atoms equal to a few hundredths of that in one 


at least 


From this it is seen number of silver 


atomic layer can be easily detected. 


Since the lattice constant of silver larger 


than that of copper, we anticipated that the first 
layer of silver would form in a double spaced, 
face-centered or a single spaced, simple cubic 
structure as is the case for a surface gas lattice. 
However, no diffraction beams corresponding to 


these structures could be found, except one 


very weak beam corresponding approximately 
first first (100 
But this beam did not increase in 


to the beam, order, azimuth. 


intensity as 
the thickness of the layer was increased up to 


15 atomic layers. It thus appears that a thin 


silver film deposited by evaporation on a copper 


crystal is not in the form of a single crystal.‘ 


3H. E. Farnsworth, Phys. Rev. 35, 1131 (1930). 
4There may be some question whether this film is 
amorphous or microcrystalline. The distinction obviously 
becomes trivial for films which are only one or two atoms 
thick. But for thicker films there is a difference of opinion 
about the existence of amorphous films See, e.g., J. 
oe! Ann. d. Physik 19, 37 (1934); E. Perucca, Zeits. 

Phy sik 91, 660 (1934); Lassing and Brick 22, 65 (1935); 
[. Hamburger, Ann. d. Physik 10, 905, 789 (1931); 
Zelmanoff and Schalnikoff, Physik. Zeits. Sowjetunion 4, 
825 (1933). Part of the difference of opinion appears to 
result from lack of uniformity of experimental conditions 
Some of the factors which must be considered are: Type 
and condition of the backing of the film, film thickness, 
temperature of the backing during deposition, and subse- 
quent temperature history of the film. In view of these 
factors, evidence for the crystalline structure of thin films 
obtained by the high speed electron diffraction method 
does not exclude the possibility of amorphous films be- 
cause this method requires relatively thick films in terms of 
atom layers, and in addition the film may become heated 
locally, by the high speed electrons used for observation, 
above the relatively low temperature which may be re- 
quired for crystallization. 

During the present experiments, as noted above, it was 
found possible to form a semi-lattice from the film by 
heating at approximately 200°C, but further deposition 
failed to build up this lattice. This seems to favor the 
amorphous condition, since if many microcrystals were 


oriented somewhat similarly by the low temperature heat- 
ing, a further deposit should build up the lattices of these 
microcrystals as it does for a silver single crystal so that 
the diffraction beam would have the same intensity before 
and after deposition. On the other hand if the film were 
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Fic. 2. Colatitude curves for a copper crystal covered with different thicknesses of silver 


atoms. The numbers 0, 1/2, 1, 2 


refer to the number of atomic layers of silver. The voltage 


of the upper set of beams is 296; that of the lower set is 60. 


We have attempted with some success to re- 
crystallize the silver film by heating at a tem- 
perature too low to cause the silver to diffuse 
appreciably into the copper. The silver readily 
diffuses into the copper crystal at temperatures 
estimated from the power input to be between 
300° and 400°C. By heating at temperatures 
somewhat lower than this for a few minutes it 
was found possible to form a semi-lattice of 
silver but it never became comparable to that 
of a silver crystal. Deposition on this semi- 
lattice failed to build it up further; the surface 
layer again assumed the state originally obtained 
by deposition directly on the copper. Hence, 
with this arrangement it was not possible to 
determine the rate of extinction in a silver single 
crystal. 

In order to obtain results for a silver film in 


semicrystalline and semi-amorphous, a further deposit 
might not follow the distorted lattice. 


the form of a single crystal, we have deposited 
silver on the (100) face of a gold crystal. Previous 
experiments® have shown that silver which is 
deposited by evaporation on a gold crystal is 
in the form of a single crystal, and has the same 
orientation the underlying gold crystal. 
Although silver and gold have the same lattice 
constants to within 0.4 percent, some of the 
experimental beams differ sufficiently in voltage 
to be separable. In the present case it was 


as 


possible to observe the intensities of the diffrac- 
tion beams from the silver as a function of its 
thickness, and thus determine directly the num- 
ber of atomic layers making an observable 
contribution to the intensity. Fig. 3 shows the 
maxima for two beams as a function of thickness. 
Because there is some overlapping in voltage of 
the 56-volt beam from silver with a beam from 


5H. E. Farnsworth, Phys. Rev. 43, 900 (1933). 
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Fic. 3. Colatitude curves for a silver lattice on a gold crystal. Beam G is for the gold crystal with no silver. Beams 1 
2 and 3 are for silver lattices of 1, 2 and 3 atomic layers, respectively. The voltage of the upper set of beams is 56; 


that of the lower set is 206.5. 


the underlying gold, the observed maxima should 
be corrected for the contribution of the under- 
lying gold. However, since the maximum at this 
voltage for gold is relatively weak and since the 
absorption of a monatomic layer of silver is very 
high, this correction should be relatively small 
for a film of one or more atoms in thickness. 
After making this correction, it appears that a 
monatomic silver film contributes more than 75 
percent to the 56-volt maximum. It is seen that 
the 56-volt maximum for a film three atoms 
thick is slightly weaker than that for a film two 
atoms thick. This result is apparently due to 
some selective effect at this voltage. For the 
206.5-volt beam, a monatomic film contributes 
at least 50 percent to the maximum from a 
thick crystal, while a film two atoms thick con- 
tributes at least 90 percent. This is also true 
for voltages up to 300 volts, the highest value 
tried. 


Because of the very high rate of extinction of 
the primary radiation, it is impossible to deduce 
a constant extinction coefficient from the obser- 
vations. For the (100) face, 
second layer are directly beneath the positions 


the atoms in the 


midway between atoms in the first layer, while 
in the third layer the atoms are directly below 
those in the first layer. One might expect, there- 
fore, that the effect of the second layer would be 
greater than that to be expected with a constant 
extinction coefficient, and this is found to be 
the case. 

The above results show a very great contribu- 
tion of the surface atomic layer of silver to the 
diffraction of electrons up to at least 300 ev. 
They also indicate that the contribution of this 
surface atomic layer continues to be appreciable 


for energies considerably greater than this. 
Dr. B. A. Rose and Mr. H. E. 


greatly aided in these experiments. 


Darling have 
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A-Type Doubling in “II States of Diatomic Molecules Intermediate Between 


Hund’s Cases a and b 


M. H. Hess, Harvard University 


(Received January 6, 1936 


Theoretical formulas based on the work of Van Vleck 
are developed for the A-type doubling in *II states with 
coupling intermediate between Hund’s cases a and b. 
Heretofore only the limiting cases a and 6 had been con- 
sidered for triplet states. It is shown that, in addition 
to the usual splitting caused by the II —> interaction, there 
is a contribution to the doubling of the “Ilo component 
which arises from the magnetic spin-spin coupling between 
individual electrons. The expressions for the doubling 
necessitate the numerical solution of a cubic equation for 
each value of J but are otherwise simple and easy of ap- 


plication. Comparison with experiment is made in the 


1. INTRODUCTION! 


HE general theory of A-type doubling in 

diatomic molecules, including spin effects, 
has been treated by Van Vleck.? He has calcu- 
lated the width of the A-type doublets explicitly 
for *II states intermediate between Hund’s cases 
a and 6 but for *II states only in the ideal limiting 
cases a and b. The general intermediate case for 
molecules in *II states will be treated in this 
paper. 

In both Hund’s cases a and } the axial field due 
to the separation of the atomic nuclei is pro- 
nounced enough to give the component of the 
electronic orbital angular momentum parallel to 
the molecular axis a quantized value* A. In 
Hund’s case a the spin-orbit interaction couples 
the spin to the axis of the molecule so that its 
parallel component has a quantized value >. The 
sum of A and ¥ denoted by Q is the parallel 
component of the total electronic angular mo- 
mentum. In Hund’s case 0 the effect of the 
rotation of the molecule on the spin predominates 
over the spin-orbit coupling and the spin becomes 


! A preliminary report of this work was given in abstract 
13 of the Minneapolis meeting of the American Physical 
Society, June 1935 (Phys. Rev. 48, 475 (1935)). 

2J. H. Van Vleck, Phys. Rev. 33, 467 (1929). 

’Strictly, the parallel component alternates rapidly 
between +A and —A and has an average value zero. Its 
square, however, has the quantized value A*. As is custom- 
ary, the angular momentum is measured in quantum 
units h/2r. 


case of Ne where good numerical agreement is found 
The fine structure of *2 


tripling is also considered. It is shown that this fine struc 


states which is called p-type 


ture can arise from perturbation by II states—a sort of 
reflection of the A-type doubling in these states. Curiously, 
it is found that the formulas which are derived in this 
manner give separations depending on the rotational 
quantum number K in exactly the same way as the formu- 
las of Kramers which were obtained from quite a different 
origin, vz., spin-spin interaction and coupling of the spin 
to the rotational magnetic moment of the molecule 


decoupled from the molecular axis. Then of 
course ~ and 2 cease to have a meaning. 

In the absence of molecular rotation the two 
states (A, 2) (—A, 
degenerate since they differ only in the sense of 


and —) are ordinarily‘ 
rotation about the molecular axis. The rotation 
of the molecule removes this degeneracy and 
results in a splitting of the energy levels. This 
separation is called the A-type doubling. 

Following Van Vleck we shall consider the 
interaction between the *II state in which we are 
interested and a single * state. We shall later 
take account of the remaining *S states by a 
summation. This is, of course, equivalent to 
finding the interaction between the *II state and 
all the *Y states but of neglecting the influence of 
the *= states on one another. The *A states have 
a negligible effect on the A-type doubling in ‘II 
states and are disregarded. 

Van Vleck has given the Hamiltonian matrix 
elements for the diatomic molecule using 
an unperturbed representation appropriate to 


Hund’s case a. These elements are® 


* Note, however, the exceptional case of “IIo where the 
degeneracy between the two A components is removed by 
the spin-orbit and spin-spin coupling even for J =0. 

°J.H. Van Vleck, reference 2. The first three of Eqs. (1) 
are, respectively, Van Vleck’s Eqs. (32), (31) and (29); the 
fourth follows immediately from Eqs. (54), (30) and (20) 
with the modification explained at tiie foot of page 493 


of his article. 
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KH(nvAL; nvAL) = C(nvA; nvA)+A (nvA; nvA)AX+B(nvA; nvA)[J(J+1) —2?+.$8(S+1)—>?*], 


3e(mvAL; mvALY+1)=BLI(J+1)—2(2+1) PLS(S+1)—2(241)}}, 


5C(nvAS; n’v'A+12) 


Here 5 is the total Hamiltonian operator for the 
diatomic molecule. The elements (1) are complete 
except for omission of the small centrifugal 
swelling effect mentioned in footnote 17, a very 
small term to take account of the magnetic 
coupling of the L and S vectors with the field set 
up by the molecule’s end over end rotation, and 
the terms due to the magnetic spin-spin inter- 
action which will be considered in the next 
section. The symbol A denotes the coefficient of 
the spin-orbit coupling which is taken to be of the 
form A(L-S). The additive constant C is fixed 
for an electronic state and serves to give the 
molecular energy exclusive of multiplet and 
rotational structure. The arguments of A and 
B=h?/8x°J have not been written in, except in 
the first Eq. (1). ZL.(mvA; n’v’A’) denotes the 
matrix element of the component of electronic 
orbital angular momentum in the x direction, 
perpendicular to the molecular axis, for the 
stationary molecule. The spin quantum number 
and the total angular momentum quantum 
number for the molecule have been designated by 
S and J, respectively. We have used v for the 
vibrational quantum number and to symbolize 
all the remaining electronic quantum numbers 
which have not been shown explicitly. 


2. MATRIX ELEMENTS FOR THE SPIN- 
SPIN INTERACTION 


The matrix elements (1) given by Van Vleck 
do not include terms which arise from the 
magnetic coupling of the individual spins. These 
elements are diagonal in 2 and hence were of no 
importance in the cases which he considered with 
the exception of the doubling for *IIp states. 

The spin-spin coupling energy can be taken in 
the form® 


Hs. = 48? [ — 3(s;-14;)(8;-14;) 
_ +(s;°8;)ri;? )/ri°, (2) 


* See, for example, H. A. Kramers, Zeits. f. Physik 53, 
422 (1929). 


73 


(1) 


2(BL,)(nvA; n’v’A+1)[(J424+1)(J#Q)}}, 


K(nvA>; nv’ A+12F1)=(AL,4+2BL,)(nvA; n'v’'A+1)[.S(S+1)—2(2¥ 1) }h. 


where § is the Bohr magneton and j, j refer to the 
various electrons. The matrix elements of (2) in 
our axial representation are all seen to be diagonal 
in 2 but may have AA=AS=0, AA= —AS=+1, 
or AA=—AS=+2. The elements diagonal in 
A and & are not of interest for the A-type 
doubling. These elements give rise to the fine 
structure of the *S state which has been con- 
sidered by Kramers’ and which will be mentioned 
later in section 6. The elements with AA = —A> 
=-+1 yield small terms connecting the II and = 
states. However, as these elements are much 
smaller than those of (1) of the same type already 
connecting the II and & states, they can safely 
be ignored. On the other hand, the elements for 
which AA=—AS=+2 have no counterpart in 
(1) and though small cannot be disregarded since 
they connect the initially degenerate *IIp states 
which have A= —Y=+1 and —1. These states 
will be designated +*IIy and —*IIo, respectively. 
The part of (2) which yields elements between 


them is 


— 38°>°[ s,*s,; Vij )2+s55-s r+)? |/r;5, 
}>4 
where S+=S,,+152., 
and) ryt =x,; iyi, = (xittyi) —(xj;41y)). 


The z axis is here taken along the axis of the 
molecule. 

Let us suppose, for simplicity, that there are 
only two electrons outside of closed shells and 
consider the interaction of the states +*IIp and 
—*JIy. We may take the orbital parts of the wave 
functions to be® 
7H. A. Kramers, reference 6. 

8 The minus sign appearing in y_ is inserted to take care 
of the behavior of the spin functions on reflection in a plane 
containing the nuclei. With this convention in phases, the 
complete wave function for the +II state transforms into 


that for the —II state on the above reflection. Cf. J. H. 
Van Vleck, Phys. Rev. 40, 544 (1932), especially page 559. 
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—p_=y,* = (82°) Lue(r, 0; )tUx(%2, O2)e~ "9? — Ue (Po, Oo) Ue (P1, 6,)e-** J, 


where y, and y_ refer, respectively, to the states +*IIp and —‘*IIy. Here u,(r, @) is the wave function 
appropriate to a single electron having \ or m, equal to zero. The similar function u,(r, @)e** has 
h=m,= +1. The arguments r, 6, ¢ of these functions are the usual polar variables with the azimuthal 
angle @ measured in the positive sense around the z axis from the xz plane. Throughout we use an 
asterisk to denote the complex conjugate. The functions u(r, @) without the ¢-factor can be supposed 


real. The expression 7;:* is now the same as 7; sin 6,e'* —7r2 sin 42e'*. We then have 


Hos( +7110; — Flo) = - 33° - ° fvstin sin 6)e'%! — re sin Oe'*)?(r12)~ *p_dvjdvo, 


since the spin factors reduce to unity. The integrand is everywhere finite on account of the nodes in 
the wave functions y wherever the electrons coincide. Now the interelectronic distance 72 involves the 
azimuthal angles ¢; and ¢2 only through a factor cos (¢:—¢2). Similarly, the rest of the integrand 
depends on ¢;—¢2 but not on ¢;+¢@2. Hence we can transform to these linear combinations as new 
azimuthal variables and perform the integration over ¢:+¢2. We then find 


ao aw pet a7 


Hee( +719; — FI) = (3 2n)* | rdr; | rstdrs | sin ade, | sin Ad8> | [(U?— V2) /rio® ld(o1—¢2) 


v0 v0 vo v9 Jo 


=a(*II), Say, (9) 
where U and V are both real and are equal, respectively, to 


[u.(ri, 6,)u,(%o, Oo); Sin 04 +-U5(1ro, 2)Ux("1, 81) re Sin Oe ] cos (¢:—¢2) 


—Ug(71, 01) Ue (Po, O2)%2 SiN 02— Ue (Po, O2)Ux("1, O1)7) sin 8; 


and [ o(71, 01) Ux( 2, O2)71 SIN 0; — Uo (Ko, A2)Ue(11, O1)%2 Sin Be | sin (d1— ge). 

Sign of a(*II). It can be easily shown that if the factor r:2~° is omitted in (3), then the resulting 
integral is positive. The effect of reinserting this factor will clearly be to accentuate the contribution 
to the integral from those regions of configuration space where the electrons are very close together. 
The contribution from these regions is always positive. This can be shown by holding one electron 
fast and expanding the integrand of (3) in a Taylor’s series in the coordinates of the other electron 
about the position of the first. If one retains only the nonvanishing terms of lowest order and then 
integrates over the volume or surface of a small sphere around the fixed electron, one finds that 
the result is always positive whatever the position of the fixed electron. Hence, if the functions u, 
and u, vary slowly enough in space so that the region in which the first term of the Taylor's ex- 
pansion is accurate, includes the region of important contribution to the integral, then the integral 


will surely be positive. 
3. THe A-TYPE DOUBLING 


From Eqs. (1) and (3) we obtain the necessary matrix elements for our problem. The resulting 
ninth order Hamiltonian matrix, for the interaction of the II with one = state, can be reduced to one 
of fourth and one of fifth order by applying the well-known Wang transformation whose matrix 
elements are given by Van Vleck.® This reduction corresponds to a transformation to wave functions 
with the Kronig (+) or (—) symmetry or antisymmetry on reflection of space and spin coordinates of 
all particles in the origin. Such symmetry property the original functions with constant angular 


9 J. H. Van Vleck, reference 2, p. 495. 
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momentum about the molecular axis did not have. This is tantamount to using sine and cosine 
rather than exponential azimuthal factors in the wave functions. After the reduction, the Hamiltonian 
matrices are 


371,!|B,(x —3) +A, B,(2x—4)* 0 2n(x—2)! 0 
11,|| B,(2x—4)4 B,(x+1 B,(2x) 24(¢+2n) [1 —(—1)*]n(2x)4 
Ilo 0 B,(2x)s B,(x+1)—-Ay+a -(—1)*2yx! C1 —(—1)=]}(E+2n) (4a) 
8y,|| 2n*(x—2)4 24(£+2n)* —(—1)*2n*x? Byx —hv(I1; 3) [i —(—1)*]Bsxt 
x4 0 [1—(—1)=Jp*(2x)? [1—(—1)* E4+29)* [1—(—1)2]Bsxt By(x+2) —hv(; E 
and 
311,/|B,(x-—3) +Ax B,(2x—4)! 0 2n(x —2)4 0 
31,|| By(2x—4)4 B,(x+1) B,(2x)+ 24(£+2n) [—1—(—1)*]n(2x)? 
Io 0 B,(2x) B,(x+1)—A,—a (—1)*2yx4 [—1—(—1)*]}(¢+2n (4b) 
3y,|| 2n*(x—2)4 24(t+2n)* (—1)*2n*xt Byx —hv(I1; 2) [—1—(—1)*]Bex3 
3Z4 0 [—1—(—1)*=yy*(2x)t [—1—(—1)=](E+2n)* [—1-—(—1)*]Bext By(x+2)—Av(M; 2 


with the abbreviations x= J(J+1), £=(AL,)(II; ~) and n»=(BL,)(I1; ~). In writing the matrices (4) 
we have used the relation (L,)(+II; =) = —(—1)*=(L,)(—II; =), where +I] and —TI refer to the states 
with A= +1 and —1, respectively, and where the exponent © is zero or one according as the © state is 
>+ or =~. A & state is defined as =* or > according as its wave function remains unchanged or 
reverses sign on reflection of the electronic space coordinates in a plane containing the nuclei. 

It is to be clearly understood that for a given *S state, elements relating to the *L» component 
appear in only one of the matrices (4); i.e., the single *X» state factors with (4a) when = is =~ and 
with (4b) when = is =*. On account of the factors [+1—(—1)*] in (4) all the off-diagonal elements 
for the *Z» state vanish for one of these matrices and the corresponding diagonal element for this 
state is to be rejected. Hence one of the matrices (4) always reduces to one of fourth order. Indeed 
we could have written (4) directly as one fifth and one fourth order matrix but then the terms +a 
would have appeared with a coefficient (—1)* and the correspondence of the matrices (4) to the (+) 
linear combinations of the original wave functions would have depended on the symmetry of the = 
state. As we have actually written (4), the wave functions which are associated with the first matrix 
(4a) are even linear combinations of the original functions and hence are even on reflection of orbital 
and spin coordinates in a plane containing the nuclei, while those associated with the second 
matrix (4b) are odd. Thus the complete wave functions for (4a) are (+) or (—) and those for (4b) 
are (—) or (+) according as J is even or odd. 

It may be mentioned here that the secular determinant which corresponds to the II portion of (4) 
yields the following cubic equation whose roots are W(*IIz), W(*II,) and W(*IIo) exclusive of the 
A-type doubling effects: 


B,(x—3)+A,—W_ B,(2x—4)! 0 
B,(2x—4)!} B,(x+1)—W  B,(2x)} =() (5) 
0 B,(2x)} B,(x+1)—A,—W 





with x= J(J+1). This equation was given by Hill and Van Vleck" and recently used by Budé" for 
determining the “II energy levels in the intermediate case a—b. 

One sees on passing to Hund’s case a by taking B/A equal to zero that the two matrices (4), aside 
from the extra diagonal element relating to the *Z» state, become identical in first order. The presence 


“E. L. Hill and J. H. Van Vieck, Phys. Rev. 32, 250 (1928), page 261. 
4 A. Budd, Zeits. f. Physik 96, 219 (1935). 
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of the diagonal spin-spin terms +a for the *IIy states and of the spin-orbit interaction term connecting 
the *ITy and *X» states in only one of the matrices (4) shows us that, as noted by Van Vleck,” there is a 
A-type doubling for the *Il, component even in case a. Using first-order perturbation theory we find 
for this doubling 

3II9 case a: hAvo= —1)4+[ Wllo,) — Wi TI )J=y-—2a+kK 6) 


with y=4S(—1)* (AL,)(II; =)|?/hv(I1; =) and @ as defined in section 2. Here « is the contribution 
to the *IIp doubling which arises from interaction of the *II with 'S and 5D states. Van Vleck” has 
shown that this interaction, for case a coupling, yields a separation of the *IIg states which is inde- 
pendent of J, but leaves *II, and *II, levels unaffected. The doubling which occurs when 2=0 thus 
has a different origin than the usual doubling introduced by the rotational distortion. The subscripts 
+ in Eq. (6), refer to the (+) symmetry defined at the beginning of this section and are not to be 
confused with the notation of Section 2. 

In the ideal limiting case 6, obtained by setting A/B equal to zero and omitting the spin-spin 
terms +a, we find that the quintic secular determinant corresponding to (4) factors into two quad- 
ratics and a linear term and that the quartic related to (4) reduces to a single quadratic and a pair 
of linear factors. These may be collected and expressed as 


[W—hAv(Il; ©) —BsK(K+1) ][W+B,—B,K(K+1) ]—8| (BL,)(ll; 2) |*K(K+1)=0 
and W+B,—B,K(K+1)=0 


with K=J—1, J and J+1. K is the usual rotational quantum number exclusive of spin which is 
characteristic of case b. As is to be expected in case 6 the spin has completely disappeared and Eqs. 
(7) are valid for II and & states of any multiplicity. Hence the A-type doubling which is now the same 


for all three components with the same value of K is 
3T1o, *I1;, *IIp case BD: HAv=eK(K+1) where e=8)>-(—1)*|(BL,)(Il; =) }?/hv(Tl; S). (8 


The behavior of the energy levels in the transition from case a to case ) may be seen from Fig. 1 
which is constructed according to the following rules:'* (1). In case a the higher state of the A-type 
doublet is alternately (+) and (—) with respect to Kronig symmetry as J increases by unity. (2). In 
case 6 the higher state of the A-type doublet is alternately (+) and (—) as K increases by unity. (3). 
The state J =0 passes over into one of the states K = 1 without a crossing of the levels. (4). The three 
multiplet components with the same value of J in case @ pass over into three states in case } with 
K equal to J—1, J and J+1. In the special case J=1 there are only two pairs of states in case 
a but the value of K = /—1=0 in case 0 is missing. (5). No states having the same value of J and 


the same Kronig symmetry can cross. 


4. THE A-TyPE DOUBLING IN THE GENERAL INTERMEDIATE CASE 


In the intermediate case the elements connecting different *II components are comparable with the 
‘II multiplet separations. However the elements connecting *II and *Y components are small in com- 
parison with the II— > separation unless the = state accidentally lies very close to the II state. The 
latter situation is exceptional and we shall proceed on the assumption that the © state is well removed. 
We then have a case of “‘near degeneracy’ for the II states. The technique for such problems is to 
solve exactly the part of the problem relating to the nearly degenerate levels and then to handle the 
effect of the remaining states using perturbation methods. This means that we must diagonalize the 


2 J. H. Van Vleck, Phys. Rev. 40, 544 (1932), Section 4; also reference 2, Section 7. 

13 In drawing Fig. 1, it has been assumed that the constants Cy and y have the same sign. Otherwise, the symmetries 
of the *IIp and “II, components in case a may be reversed. 

4 Cf. J. H. Van Vleck, The Theory of Electric and Magnetic Susceptibilities, p. 137. 
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third order matrix consisting of the II portion of either of the matrices (4) disregarding the small 
terms +a, i.e., solve the matrix equation S"'X.S=W for S and W. Here & is the II portion of the 
matrix (4), W is the diagonal matrix consisting of the eigenvalues of 3C, and S is a unitary transforma- 
tion matrix. Explicitly we have to solve the following system of linear homogeneous equations for the 
elements of S:'5 


[B.(x—3)+A,—Wll,) Sle; #0) +B,(2x—4)' SCM); #1) =0, 
B,(2x—4)*S(*1ly; 41,) +LB(x+1) — WET, JSC; A) +B,(2x)'S(8Mly; #11,) =0, 9) 
B,(2x)*S(M,; #1) +0B-(4+1)—-A,— WET) JSC; 21) =0 


with i=2, 1, 0. The usual conditions for the consistency of these nine equations, viz., that the three 
determinants (one for each of i=2, 1, 0) of the coefficients of the elements of S shall vanish, gives us 
the familiar secular Eq. (5) which determines the W’s except for A-type doubling effects. Let us 
suppose that Eq. (5) has been solved and that the transformation matrix S has been determined from 
(9). We then apply this transformation to the two matrices (4), first, however, piecing out the 
matrix S in the usual way with unit diagonal elements and zeros off the diagonal until it has the 
proper dimensions. The transformed matrices now have no large off-diagonal elements connecting the 
various *II components. Because of the presence of the terms +a in (4) but not in the matrix which S 
is designed to diagonalize one finds that after the transformation the matrices (4) do have elements 
connecting the *II components. These elements all involve a as a factor and hence are small in 
comparison with the *II multiplet widths. Our ‘‘near degeneracy” difficulties are then removed and 
all the off-diagonal elements can be treated by perturbation theory. 

We could immediately write down the energies of the three levels for each of the matrices (4). 
These expressions are rather cumbersome and, as we are chiefly interested in the widths of the A-type 
doublets, we shall give only the differences between corresponding eigenvalues of (4a) and (4b). On 


summing over states these are 


hAv;= Col S(*Mo; #11) 2+ CL 2I(J +1) PSC; 4, SCAM; #11) 
+ Co (J+1) (SCM; 2M) +20 (J—1)J(J +1) (J +2) PS(Me; 1) SCAMMy; M,)}, (10) 


where 1=2, 1, 0 for the three components. Here Co=y+6+2e—2a+x«, C;)=5+4e, Co=e. The 
constants a, y, € are given by Eqs. (3), (6), (8), respectively, while «x is explained below Eq. (6) and 


56=16Xreal part of >(—1)*(AL,)(Il; =)(BL,)(=; 1) /Ar(11; &). 


5. APPLICATION TO THE First PositivE BANDs’ (B*II—A?*S). He has analyzed both the fifth and 
OF THE NITROGEN MOLECULE sixth vibrational levels of the *II upper state. We 
The most extensive data on the structure of a shall however consider here only the latter. In 
Il state have been obtained by Naudé"* from the "der to apply the theory of section 4 we must 
analysis of the first positive bands of nitrogen 
Ai Fepa’(J) = Fos'(J +1) — Fea’(J) = SRoi(J) —®Qai(J) 
Qe J+ 1)—P2(J +1)="R, (J) —?Q2(J) 


Ul 


_'8 In writing the elements of S, we have made no distinc- Ai Foav' (J) = Foa’( J) — Foe’ (J —1) = ®Qai( J) —2P al J) 
tion between initial and final indices. It is to be understood = R.( J—1) —Q2( J—1) = ?Qa3( J) — OP 23( J). 
that the first index refers to the case a representation 
while the second refers to the final representation inter- It is then seen that the A-type doubling for the “Il, com- 
mediate between cases a and 6. ponent is of the same sign as that for the “Il, and “Il, 


* S. M. Naudé, Proc. Roy. Soc. A136, 114 (1932). components. This modification requires a slight change in 
Naudé notes at the foot of page 136 that the signs of the | Naudé’s Fig. 2. All transitions originating in the “II, com- 
A-type separations which he gives in Table XIII have only ponent should be shown as coming from the opposite 
a relative meaning. If one wishes to determine the absolute | members of the A-type doublets. The designation of the a 
signs of these separations one must redefine the quantities and bd levels and of the symmetries of the states which he 
given by his Eqs. (14) and (15) to be consistent with the gives is correct. In addition, the three transitions R,(0), 
corresponding definitions (12), (13), (16) and (17). The P.(1) and PQ.;(0), all of which relate to nonexistent states, 
two definitions to replace (14) and (15) are, respectively: should be deleted from Table III. 


616 M. H. 
*T, Sa Sry 
CA 9 Jz O 3 4 % > 
(norma 2@@0 08 e008 @0 080 ¢@0 2° 


CASE 6 A=I » @ 2¢@ °) 3 6 * 


CASE . 
aes ee . e @e0o ee Se 
= 3 3] ' 2 3 c ' 
7", *n, Tr, 


Fic. 1. Schematic diagram of the case a—b energy level 
correlations. The circles and dots designate levels of 
different (+) symmetry. The state in the upper right 
corner is “II, instead of *IIp as shown. 


determine the two constants B, A for this state." 
The constant B for the *II state may be found by 
comparing the spur or diagonal sum of the third 
order II part of (4) with the experimental term 
values of the three components of the II state. 
This spur has the form [3/(J+1)—1]B,. The 
first term gives the value of B, and the second 
fixes the arbitrary term value origin with relation 
to our origin of energy. The value of A, can then 
be obtained, in the manner employed by Gil- 
bert,'* from the constant part of the expression 
(1/3)(Sp R)?—Sp RR’ =4B7I(J+1)+(4/3)Be 
—4B,A,+A,’, where Sp R is the diagonal sum 
just mentioned and SpRR’ is the sum of 
products of the *II roots taken two at a time. This 
equation can be deduced readily from Eq. (5). 
The values of B, and A, adopted in this paper 
are 1.512 cm™ and 42.2 cm", respectively. 
Before we can apply Eqs. (10) we must de- 
termine the transformation matrix S which was 
introduced in section 4. This necessitates solution 
of the cubic secular Eq. (5). It has been found 
simplest to make this solution numerically for 
each value of J; although the experimental term 
values, adjusted as to origin as explained above, 
may be taken as approximate roots. The trans- 


'7 We have neglected entirely the small term in the 
energy which comes from the centrifugal swelling of the 
molecule. Since the binding of the two atoms is in first 
approximation harmonic, the energy term introduced 
by the swelling is of the form DJ*(J+1)? where D is a 
small negative coefficient. In our case, we have taken 
D=-—3X10-* cm. In order to apply the theory as we give 
it, this small term should be subtracted from the experi- 
mental data. However, neither the constants A, B nor the 
A-type doubling are exceedingly sensitive to this correction. 

18 See following paper in this issue. 
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Fic. 2. A-type doubling of B'll levels of No. The experi- 
mental data are shown by the small circles and the calcu- 
lated doublet values by the full lines. The upper curve 
labeled Sp is the sum of the A-type doublet widths for the 
three multiplet components. The vertical scale should read 
0.0, 1.0, 2.0, 3.0 cem=!. 


formation coefficients'® are then readily found 
with the help of Eqs. (9). 

Eqs. (10) which give the A-type doubling, con- 
tain three adjustable constants Co, C;, Cs. The 
values of these constants” which give the best fit 
with the experimental data are Cy)=2.27 cm™, 
C,=0.0095 cm, C.=0.00026 cm. The calcu- 
lated A-type doubling is shown by the curves in 
Fig. 2. The corresponding experimental points 
are indicated by circles. The agreement with 
experiment is satisfactory except for very small 
values of J for the *IIp component and for the 
spur (sum of doubling widths for the three com- 
ponents). This latter should have the particularly 
simple form Co+C2J(J+1). It may be pointed 
out that the experimental error is considerably 
larger for the first few values of J than for later 
values. However this is undoubtedly not the 
reason for the deviation whose explanation is 
possibly to be found in a resonance effect due to 
a very near > state for these values of J. Such an 
effect has been noted by Van Vleck in the case of 
Hulthén’s observations on HgH.”! 

One sees on examining Fig. 2 that the charac- 
ter of the doubling for small J is appropriate to 


1° To save space, the table of transformation matrix 
elements has been omitted. This table for the case B/A 
= 0.0358, J=2—25 may be obtained from the writer. _ 

2 At this point, we are considering only the relative 
signs of the C’s. That the signs are here all the same simply 
reflects the fact that for the same value of J the upper 
members of the doublets for the three multiplet com- 
ponents are all either (+) or (—). 

*t See page 505 of reference 2. 
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case a (i.e., large constant doubling for *IIp, small 
doubling proportional to J(J+1) for *II, and 
negligible doubling for the *Ilz; component) but 
that, as J increases and the rotational distortion 
comes into effect, the doubling tends to become 
characteristic of case 0} (i.e., equal doubling 
increasing as K(K +1) for the three components). 

Theoretical consideration of the constants Co, C; 
and C2. Heretofore, we have regarded the quanti- 
ties Co, C: and C2 and hence (y—2a+x), 6 and « 
as adjustable constants at our disposal. We can 
examine the constants y, 6 and «¢ theoretically if 
we assume that Van Vleck’s hypothesis of pure 
precession™ is a good approximation. This condi- 
tion states that the electronic orbital angular 
momentum of the molecule is a vector of fixed 
magnitude which precesses uniformly about the 
molecular axis, and further that A and B are 
diagonal matrices. Then each of the sums 7, 4, «€ 
reduces to a single term for which L,(II;  Z) 
=}[L(L+1) ]!. We then have from Eqs. (6), (8) 
and (10) 


y=A°L(L+1)/v, 6=4ABL(L+1)/», 


«= 2B°L(L+1)/v. (11) 


If we now use the values of A and B found for the 
Il state and take L=1, we find that the effective 
frequencies deduced with the aid of Eqs. (11) 
from the experimental values of 6 and e« are re- 
spectively 6X10* cm™ and 3.5X10* cm", in 
sufficiently good agreement considering the ap- 
proximate nature of Eqs. (11). The mean of these 
values, say 5X 10‘ cm™, substituted back into the 
first Eq. (11) yields | y! =0.07 cm~. Thus x—2a 
must constitute practically all of Co. Now a 
seems to have the wrong sign to account for the 
observed A-type doubling in Ne (cf. following 
paragraph and also end of Section 2) so that we 
must suppose Cp to arise here chiefly from the 
interaction of the *II state with neighboring 'S 
and *S states. As explained earlier, this inter- 
action is capable of producing a separation of 
the *IIp levels but, with pure case a coupling, is 
powerless to split *II, or *Iz. 


Cf. pp. 488, 9 of reference 2, also R. S. Mulliken and 
A. Christy, Phys. Rev. 38, 87 (1931). 

* Van Vleck, Phys. Rev. 40, 544 (1932). 

*R.S. Mulliken, Rev. Mod. Phys. 4, 1, 53 (1932). 


Experimental sign of Co in Nz. It is evident from the 
Eqs. (6) and (10), that the sign of Co is positive or nega- 
tive according as the (—) or (+) levels are higher for 
even J. Experimentally the (+) or (—) character of the 
B *Il levels in Ne is found through the symmetry of the 


A *E state together with the rule that for electric dipole 


radiation (+) combines only with (—). The alternating 
intensities found by Naudé in the first positive bands fix 
the A state either as *S,* or *2,~. The former makes Co 


positive while the latter yields a negative value of Co. 
Mulliken* has concluded from configuration theory that 
the A state is more probably *Z,* than *2,~. This is in agree- 
ment with the recent calculations of Recknagel** which 
place the *,~ state much higher than *2,*. Also Herz- 
berg and Sponer * find that the dissociation products of the 
A state are probably ‘S+*D, from which it is possible to 
obtain *Z,* but not *2,~. Finally the *2,* interpretation 
is strengthened by Kaplan’s*’ observation of bands con- 
necting the A state with the 'S, ground state of the 
molecule. If these bands are due to electric dipole radiation 
(u—g) one is forced to accept the *2,,* assignment for the 
A state. On the other hand, it might be possible to inter- 
pret the Kaplan bands as magnetic dipole radiation®* 
(g—g, u—u) which would allow *2,~. However it appears 
almost certain that the A state is *Z,* and that Co is 
positive. 


We should expect the A-type doubling constant 
y due to the II—® interaction to increase more 
rapidly than the spin-spin doubling constant 2a 
as we go to heavier molecules, so that probably it 
is permissible to consider only the former in such 
a molecule” as I,. This follows from the fact that 
+ increases as A? and hence as Z°,;;. On the other 
hand, a is of order 87(1/r*), where 8 is the Bohr 
magneton and 7 is the electron-electron distance. 
Hence a should increase about as fast as Z*o4,. 


6. Ruo-TyPE TRIPLING IN *S STATES 


When A=0 the spin-orbit energy is small and 
hence *S states conform closely to Hund’s case 
b. The energy of a *Y state is given approxi- 
mately by one of the roots of Eqs. (7), summed 
over different II states and is 


W=B:K(K+1) 


—8K(K+1)> | (BL,)(; =) |?/hv(11; 3) 
25 A. Recknagel, Zeits. f. Physik 87, 375 (1934). 
* G. Herzberg and H. Sponer, Zeits. f. physik. Chemie 
B26, 1 (1934). 
27 J. Kaplan, Phys. Rev. 45, 675, 898 (1934). 
28 Cf. J. H. Van Vleck, Astrophys. J. 80, 161 (1934). 
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on neglecting terms higher than the first power in 
1/hv(II; >). Actually *S states do not satisfy 
exactly the conditions of case 6 and there is a 
slight separation of states with like K but unlike 
J. This separation Mulliken?’ calls p-type 


doubling for *S states and we shall use the 
term p-type tripling for the same splitting in the 
triplet case. The energy levels are given more ac- 
curately by the secular determinantal equations 
related to (4) with the diagonal elements of the 
determinants, B,{ J(J+1)-3]+A,—-W,B,[J(J 
+1)+1]—W and B,[ J(J+1)+1]—A,—W, for 
the II states replaced by /v(II; S). If we expand 
these equations in powers of 1/hv(Il;=) and 
neglect terms of higher power than the first, we 
find that the three solutions for the same value 


of K are 

W,=By'K(K+1), 

W,. = Wo—AL2(K+1)/(2K+3) ]+u(K+1), (12) 
W_=W,—A(2K)/(2K —1) ]—u4K, 


II 


where 


By’ =B:s—8)>_ | (BL,)(M1l; =) |?/hv(11; S), 


7 


A=) | (AL,)(T1; 5) |*/kv( 11; 5), 


u=8 Xreal part of 


> (AL,)(Il; )(BL,)(2; I)/hv(; S), 


7 


and where W,,, Wo, W_ refer to states for which 
J=K+1, K, K—1, respectively. 

Kramers’ has considered the splitting of *Z 
states arising from two causes: (1) the magnetic 
interaction between the individual electron spins, 
which he shows is equivalent to a coupling 
energy proportional to (3 cos? x—1) where x is 
the angle between the resultant spin and the axis 
of the molecule; and (2) the coupling mentioned 
in section 1 between the spin of the molecule and 
the magnetic field set up by the molecular rota- 
tion. These two effects give a splitting of exactly 
the same form as that obtained from Eqs. (12) ; 
the first effect corresponds to terms of (12) in A 
and the second to those in u. It is very interesting 


27 R. S. Mulliken, Phys. Rev. 28, 481 (1926). 
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that two completely different mechanisms should 
give formulas of the same structure. 

Naudé" has shown that the p-type tripling in 
Ne is in excellent agreement with Kramers’ 
formulas (9) and hence with our Eqs. (12). 
Actually, of course, the coefficients \ and win (12 
should be replaced by the sums of Kramers’ 
coefficients and ours, viz., by A4+(3/2)A’ and 
u—B’, respectively, in order to include both 
effects. Here we have affixed primes to Kramers’ 
A and B to distinguish them from the usual spin- 
orbit constant A and the rotational constant B 
which we use. The experimental values given by 
Naudé are then A+(3/2)A’=1.3 cm™ and 
u— B’=0.003 cm“. 

Comparison of u and B’. The considerations 
given by Van Vleck*® for the analogous case of 2 
states apply directly here and show that u is 
definitely larger than B’, except for very light 
atoms. Also Wick*! has recently determined the 
magnetic moment of hydrogen due to molecular 
rotation and his results confirm the order of 
magnitude assumed by Van Vleck for this 


quantity. 


Both Kramers’ formulas and ours are approximate in 
that they neglect squares and higher powers of the ratio 
of the *E fine structure to the rotational separations. If this 
ratio is not small, the approximation is no longer valid 
and Kramers’ Eqs. (8) must then be replaced by 


OK. = —A'/24+B(2K +3) 
~[9A" /4—3A'B+(2K +3)°B?}}, 


QK_,= —A’/2—B(2K —1) 
+[9A’/4—3A’B+(2K —1)*B?}. 


As explained above, A’ is the constant Kramers denotes 
by A and B is h?/8x*J and not the same as Kramers’ 
constant B. These exact formulas were essentially derived 
by Hill and Van Vleck (Eqs. (40), (41), (42) of reference 
10). To obtain them explicity one writes k=S=1, j=K 
and replaces A by 3A’ in Hill and Van Vleck’s Eq. (42). 
Then the three of these equations which relate to the 
same value of K immediately yield our Eqs. (13). 


The writer wishes to take this opportunity of 
expressing his sincere appreciation to Professor 
Van Vleck, under whom this work was done, for 
helpful guidance and criticism. 


°° See pp. 499, 500 of reference 2. 
1G. C. Wick, Zeits. f. Physik 85, 25 (1933). 
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The Theory of the Band Spectra of PH and NH 
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The theoretical formulae for the effect of molecular ro- 
tation on spin multiplets are considered for triplet cases. 
The form of the “swelling” term in D is found for the 
limiting case a, and its importance is evident in the ex- 
planation of the experimental observations on PH and NH. 
Formulae are given, from which the molecular constants 
A, Band D can be calculated. This has been done for the 


1. INTRODUCTION 


HE rotational distortion of spin multiplets 
was first considered by Kemble,' using the 
methods of the old quantum theory. The next 
step was taken by Hill and Van Vleck,? who 
started from Hund’s case } type* of coupling, 
and, with the new quantum mechanics, found 
the energy formulae and amplitudes for the 
general case which has a type of coupling inter- 
mediate to cases a and b. A later development 
by Van Vleck* took case a as the unperturbed 
system and for doublet and triplet states, 
obtained formulae identical with the formulae 
of Hill and Van Vleck. They have been applied 
with considerable success to the explanation 
of doublet spectra, but little has been done 
towards the explanation of triplet spectra. This 
is largely because the formulae are not put in 
suitable form for direct comparison with experi- 
ment. The energy values, which are the roots 
of a cubic equation, have been given in the form 
of expansions, but these are valid only for 
certain regions of convergence, and do not pro- 
vide a very satisfactory test of the theory. These 
energies can be evaluated by a numerical 
method, provided the molecular constants are 
first determined with considerable accuracy. 

In this paper expressions are obtained from the 
coefficients of the equation, which is cubic in the 
energy value, which give the molecular constants 
B, D and A, for all values of the rotational 


* Now at University College, Dundee Scotland. 

'E. C. Kemble, Phys. Rev. 30, 387 (1927). 

* E. Hill and J. H. Van Vleck, Phys. Rev. 32, 250 (1928). 

* An account of the different coupling cases is given in the 
article by Hil! and Van Vleck, reference 2; cf. also R. S. 
Mulliken, Rev. Mod. Phys. 2, 105 (1930). 

‘J. H. Van Vleck, Phys. Rev. 33, 467 (1929). ‘ 


two examples mentioned, moreover for PH the A-type 
doubling has been calculated from the theoretical formulae 
derived by Hebb, and is found to agree well with experi 
ment. The explanation of the observations on NH neces- 
sitated considering an appreciable p-type tripling in the 


> level, which has not been observed before. 


quantum number J. In calculating these con- 
stants we do not take into account the terms 
which give rise to the A-type doubling. The best 
test of the theory occurs in the determination of 
the constant A. The expression which is derived 
for A is peculiarly sensitive to errors in the 
values of B and D, and in the case of NH it 
showed the necessity of taking account of a 
slight splitting of the ¥ levels. 


2. THE MATRIX OF THE D TERM 
It can be shown from simple classical consider- 
ations’ that the total rotational energy for a 
case b type of coupling, can be written in the 
form 


W,=BN?+DN'+, (1) 


where JN is the nuclear angular momentum. The 
value of N is given in terms of the rotational 
quantum number K and the quantized compo- 
nent A of the orbital angular momentum along 
the electric axis, by 


N=(K(K+1)—A?)}. (2) 


We take W, as the form of the unperturbed 
energy, when the coupling between the spin 
angular momentum and the electronic orbital 
angular momentum of the molecule conforms to 
case }. In future we shall take a factor B out of 
the matrices, including those matrices which 
were given by Hill and Van Vleck, and Van 
Vleck, and we shall write 


A\=A/B, n=D/B. (3) 


The unperturbed energy for case } will therefore 
give a diagonal matrix 


®R.S. Mulliken, Rev. Mod. Phys. 2, 99 (1930). 
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H,,»=N?+uM*. (4) be the matrix which carries (4) over into case a, 

/ PP eee 

The perturbing matrix H,, has been given by sig be the transpose of the conjugate of S,, 

Hill and Van Vleck. We shall not require the H.=S.H,S,* 

explicit values of its elements, but simply ob- ipa anita 

serve that they will have \ as a constant factor. Using the expressions (6) and (8) in Eq. (10 
The solution of the problem in the general case and equating the terms in \ to zero, we find 

will then be given by the solution of the set of 


10 


linear equations Hy — Si, S\* = Hya— Sil »Si* =0. (11) 
The expression on the left equated to zero serves 


Wir; nS(r3 7) -—S A; ')S(r; 1) =0; (5) : neers alist 
to define S;. Then substituting the value of //,,, 


where H,=H»t+Hp; (6) given by (4), into the second of the Eqs. (11), we 
a obtain 
jo il rr we 
and DiS(75 YS*(05 1) = “ep (4) H,q=S,N?S\*+yS\N4S\* 
1 ur =r? (12 
=]]+ yf"; 


Van Vleck has set up the matrix corresponding 
to a case a type of coupling, and has shown that where we use H to denote the matrix S,N2S,* ; 
(5) transforms over to this case for doublet and whose elements have been given by Van Vleck. 
triplet states, when A—>~. We shall write this The addition to that theory is found in the 


i ' . ; t 
matrix for case a presence of the matrix uH*, which occurs when ' 
the effect of the terms in D is taken into account. | 
Ha=H,at+Ho. i? cams ; s 
This result serves to show that the main contri- 
Hy, comes from the interaction of the spin and bution of these terms to the energy, for case T 
electronic angular momentum and has the form a type of coupling, is of the diagonal form 
" DJ*(J+1)?, corresponding to the fact that the 
Hy=dA2. (9) ‘ ‘ : . P ; 
main contribution of the terms in B is of the ; 
The matrix H,, is independent of \. If we let S; form BJ(J+1). E 
— , Ww 
3. FORMULAE FOR *II STATES 
, ~ . - . e ° a 
We first give the elements of the matrix H/, for a *II state. In order to simplify the algebra later, we 
subtract from the diagonal elements the value of 
} Spur 7g=J(J +1) — 3 +4} J2(J4+1)?+4J(J4+1)+5/3} ; 13 8: 
we then find, TI 
FT ,(M9; Mo) — 3 Spur 7,g= —A+4/3+2u/)(J+1), 
77,(1,; 1.) — 3 Spur H,= 4/3+4y}J(J+1)-1}, We 
. " ‘ 2 Vi 
HT,(Ile; Ie) — 3 Spur 7e= A—8/3—6u}J(J+1)—¥}, , 
FT (111; Mo) = 7 a(Mo; My) = [1 +24} J(J +1) +1} Jf 27(J+1)}3, ter 
\ sim 
FT ,(Me; 11) = 77,(11,; We) =[1+2u{ (J +1) —1} ]{27(J+1) —4}}, 
ma. 
FT q(M2; Mo) = A a(o; M2) = Qui J(J+1)—2)3{ J(J+1)}4. 
The existence of terms proportional to »=D/B in the diagonal elements of H, shows that in the 
limiting case a the effect of the D terms on the energy is not simply DJ*(J+1)? for all three compo- whi 
nents, as usually assumed in the literature. Instead this effect is not quite the same for all components, 2B- 
4 


the difference being of the order D/(J+1), and the apparent triplet separation is accordingly modi- 
fied to this extent by centrifugal expansion. 
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The energy levels for the general intermediate case between cases a and }, will be given by the 
roots of the equation‘ 


W/B)é6(=; >’) —H,.(=; >’)|=0, 3, >’=—1,0, 1. 14) 
The constants B and D 


Using Eqs. (14) and (13), we find 


Spur W(/)=B Spur 17,= —(B—5D)+3(B+4D)J(J+1)+3DJ*°(J+1)?. (15 
Therefore, writing s(J)=Spur |W(J+1)—W(J—1)} =Spur W(J+1)—Spur W(J—1), 16) 
we obtain Ao(J)/6(27+1)=B+4D+4+2D(J?+J+1). 17 


The values of A2(J) can readily be found from the experimental data by using the difference combi- 
nations for the IIo, II,, Ie levels, 


W(J+1)—Wa(J—1)=0,(K +1) -0,(K +1) =S3(K-1)-O,(K—1 
Wa(J+1)— Wa(J—-1)=R(K) —P, K). 


The values of B and D can then be found by plotting A2(J)/6(27+1) against J(J+1), and interpret- 
ing the slope and the intercept of the straight line according to Eq. (17). As has been mentioned in 
the introduction, Eq. (17) will have some small additional terms which give rise to the A-type doubling 
and consequently the results will be slightly different according as the A or the B levels are con- 
sidered. This is not of much consequence in the cases considered subsequently. 
The coupling constant A 
After making the transformation 

E=W,B—1/3 Spur H,, (19) 

Eq. (14) becomes 
—F'+ak+p=0; (20) 


where 


a=h?—4\+ (4/3) +4)(J+1)+8)(J4+1){27(J+1)4+1} yu 


—4}2)(J+1)—1}Aw+1637(J4+1)?| (J +1) +1} p?, 


B= —(4/3)d\?+ (4/3)A4+ 16/27+(8/3)J(J+1)+(terms in ,z). 
The values of & can be found from the differences 


E,= (1/B)(W;— 3 Spur W) =(1/B)(Q‘1, 2, s—Q*1, 2, 3). (21) 


rr 


We here use the suffixes i and j, which have the values 1, 2, 3, to designate the energies or term 
values of the IIo, II;, or Ile states. 

Analogous relations can be obtained from the other branches. This would give a method for de- 
termining the constant A, as Eq. (17) is quadratic in \. It is, however, possible to determine \ by a 
simpler method, which is probably more accurate, as it does not depend upon the readings of so 
many term values. This is to use the identity 


3(E,—E;)?+ | | (£,—E2) —(E2—E;)}*= (Spur E)?-—-3 > 


, 7=1, 2, 3 


co kN 
\ 
SN 
4‘) 
II 
a 
Ps 
~ 
Nm 
tm 


which gives the relation 


:B-*(W, — W3)?+4B-?| (Wi— We) —(We— Ws) }?=3(A—2)?—84+12)(J+1) 


+24I(J+1){2I(J+1) 41} e—12{2S(J4+1) —1} Ap +4872 J41)2}I(J+1) 41} u2. (23) 
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The terms on the left-hand side of this equation can be calculated from the experimental data. 
W,—W2 and W2.—W,; are the separations between the IIp and the II; components, and the II, and 
the II, components, respectively, for a given value of J. W,— Ws is the sum of these separations, and 
is therefore what is known as the over-all spin-multiplet width. These differences are given by 
Wi(J) — W2(J) = P'(J +1) — P?2(J+1) =Q'(J) —Q2(J) = RJ —-1) -—R*4(J-1 
24 
W2(J)— W3(J) = P?2(J+1 ) — P3(J+1 )= 07(J) —Q' J)=R7(J— 1 ) — R3 J—1 
The value of u has previously been determined, and so (A—2)* can be evaluated for different values 
of J. The term in Au in Eq. (23) is small, and hence an approximate value of \ can be introduced 
without causing much error. We naturally expect to find the values of (A—2)* constant, if the par- 
ticular molecule considered has a type of coupling intermediate to cases a and 0. 
When the constants \ and yw have been calculated in the manner indicated, a good check on the 
agreement with experiment can be obtained by calculating the values of E from Eq. (20). This can 
readily be done by a numerical method. 








4. COMPARISON WITH EXPERIMENT The A-type doubling for PH has been calcu- 


The \3400 band of PH 


This band was analyzed by Pearse® and shown 


lated according to the formulae given by Hebb 
in the preceding article. In Fig. 3 the full lines 
join the calculated values for different values of 
J(J+1), and the experimental values are repre- 
sented by points. The agreement is good, and 


to consist of nine branches, representing *II—*S 
transitions. The graph in Fig. 1, drawn accord- 
ing to Eq. (17) gives the values, B=8.024 and 
D=-—5.42-10~. The values of A calculated for 
different values of J from Eq. (23) were found to 

remain nearly constant. The average value was > 
taken to be A= —115.4. In Table I are given, we} 3 
the values of F calculated from Eq. (20), with ” 
the values of the constants given above, and s 

also the values of E found from the experimental —_—_ ss} ~~ 
data by the relations (21). The agreement of the = im ~A 


particularly striking is the manner in which the 


values of E determined from experiment and ~ 
theory is good for all values of J, although the Is Ss, 
terms in uw in the coefficients a and 8 in Eq. (20), x‘ 

and terms giving rise to the A-type doubling, a 





i | —__ > 


have not been taken into account. ees - a ~ “ 





= ‘ ‘ : : . Fic. 1. Graph of Eq. (17) for PH. 
TABLE I, Comparison of experimental and theoretical results. sais 


TABLE II. A-type doubling. Comparison of experimental and 


EXPERIMENTAL RESULTS THEORETICAL RESULTS theoretical values 
: E» E F 











Ey E> Es Ei 
2 16.59 0.81 —17.41 16.46 0.96 —17.42 EXPERIMENTAL THEORETICAL 
3 17.33 0.72 —18.04 17.22 0.84 —18.06 Io Mh I Io Ih adh 
4 18.24 0.61 -1885 18.19 0.70 -—1888 ~~~ > apeeeummenmmmnnnent 
S$ 1933 048 —1981 1931 O55 -198 9 TOM 
6 20.54 0.38 —20.91 20.57 0.42 —20.98 +0.0/ 07 
7 21.72 0.27 —22.12 21 98 0 ro = 27 2 +0.09 0.18 0.08 +0.14 0.14 0.00 
8 23.23 O18 -2341 2340 0.18 —2358 3 —0.02 0.29 0.18 40.06 0.26 0.02 
9 24.68 0.10 —24.78 24.93 0.08 —25 02 4 —0.02 0.32 0.02 —0.03 0.37 0.04 
10 26.19 0.03 26.21 2653 0.00 —2653 5 012 037 0.09 —0.10 0.47 0.09 
11 27.71 0.03 -27.67 2817 -0.08 —2810 9% —0-6 aie ao <= oo a 
> 4 ani = 20 22 ? ms —79 77 / —Q.2°3 a I.3f —0.2 : 29 
12 29.36 —0.14 29.22 29.86 —0.14 re 0:22 0.62 036 
—————S———————— = = 9 —0.21 0.62 0.54 —0.21 0.61 0.50 
10 —0.10 0.57 0.63 0.57 0.60 


®R. W. B. Pearse 


», Proc. Roy. Soc. A129, 328 (1930). 
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Fic. 2. Graph of Eq. (17) for NH. 


maxima and minima occur in the “II; and *IIp 
levels. The values of the three constants, which 
occur in the manner indicated by Hebb, were 
found to be: 


Cyo=0.12 cm m Ci = —0.125 cm - 
C2=0.0090 cm. 


The \3360 band of NH 

The experimental data given here were ob- 
tained by Pearse.’ Batsch® has also observed 
these bands, but his data do not extend near 
to the origin of J, and he has observations only 
for the P and R branches. Pearse obtained 
observations for the three components of the 
P,Q and R branches. Batsch, however, has not 
given any observations for a Q branch, but he 
observed, in addition to the P and R branches, 
a number of faint lines which were separated 
from them by distances varying from about 4 to 
6A. He attributed these lines to transitions for 
which the change in the spin quantum number is 
AS=+1, whereas the P, Q and R branches 
correspond to transitions for which AS=0. This 
is a reasonable explanation if the faint lines 
exist; however, Batsch apparently assumes that 
the observed separation of from 4 to 6A is 
caused by the A-type doubling. This could not 
be the case, but a possible explanation is that it is 
caused by the tripling of the = levels, caused by 
the spin structure. This cannot be shown directly 
to be the case, since the observations of the faint 
lines made by Batsch are not reliable enough 
to take for this purpose, but it can be shown 


* Unpublished work kindly communicated to the writer 
by Dr. Pearse. 
*H. Batsch, Ann. d. Physik 18, 81 (1934). 
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Fic. 3. A-type doubling for PH. The full lines join the 
calculated values of the doubling and the observed values 
of 64n(J) are represented by, + for the “IT level, X for the 
‘II, level, © for the *M, level. The experimental results are 
obtained from the relation, 

dap(J) = 3 Fa(J4+1)+ Fal(J)]— 30 Fa(J+1)+ Fal(J)]. 


that there is an appreciable separation in the 
> levels, in the manner indicated in the following 
paragraphs. 

The data could be made to fit the theory, on 
the assumption that the nine branches given by 
Pearse were P;, Po, P3, Qi, Q2, Qs, Ri, Re, Rs 
branches. The values of B and D were first 
calculated according to Eq. (17). The graph is 
shown in Fig. 2, and the experimental points are 
found to be represented well by a straight line 
except for very low values of J. The latter devia- 
tions are presumably caused by inaccuracies in 
the observations, or some small effect which has 
not been taken into account as, for example, the 
perturbations caused by other excited levels of 
the molecule. The values of the constants were 
found to be B= 16.322 and D= —17.3X10™. 

The structure of the = level was then in- 
vestigated, as far as was possible from the limited 
data at hand. We write W’(K) for II levels 
with J=K, and W’’(K) for = levels with a given 
value of K. Then we take the following differ- 
ences : 
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P\(K+1)—P3(K+1) = W1'(K) — W;'(K) — | Wi" (K +1) — W3"(K+1)}, 

R\(K —1)—R3(K —1) = Wi'(K) — Ws'(K) — | Wi" (K-1) — W3'"(K—-1)}. 7 
Subtracting Eqs. (25) we get 
P,(K+1)—P3(K+1)—(|Ri(K—-1)—R;(K—1)} 

= — |W," (K+1)—W3"(K+1)} +} Wi" (K-1) — W3"" (K—-1)} =4y, (say 26) 

If there were no p-type tripling the result of p-type tripling in *S states, given by Hebb. 
taking the difference on the left of Eqs. (26 We now calculate the value of (A—2)? given 


would be zero. We find, however, for different 
values of J that this gives a value which is 
always negative and nearly constant and equal 
to —0.20, which leads to the value y = —0.05. 
Consider now the second of the Eq. (26). This is 


a difference equation whose solution will be 
W,''(K) —W;3''(K) = —2yK-+ constant. (27 


This is the result we get from the usual theory of 
p-type tripling. y is the constant, which on the 
conventional theory arises from the interaction 
of the resultant spin S* with the field produced 
in the direction K* by the forced rotation of the 
electron system around this axis. The same result 
is also obtained from the alternative theory of 
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shown by, (+) when terms containing D and y are ne- 
glected, (<) when terms containing y are neglected, (©) 
when the terms in D and y are taken into account. The 
latter calculation gives the nearly constant value of 
(A—2)?=17.7. 


by Eq. (23). It was found that the result was 


particularly sensitive to the value of D chosen, 
and also to the small term in y. The effect of 
taking into account the various terms arising 
through the presence of these constants, when 


4. 


are introduced into the expres- 


calculating (A—2)*, is well shown in Fig. 
The terms in y 


sion for (A—2)? in the following manner: 
W,— W;)?=[(W,)' — W;’) —(W,” — W;”") }? 
—2(W,’ — W;’)(W,”" — W;"’), 


=(W,'— W;’)? 28 
neglecting the term in (W,’’— W3;’’)*. Therefore, 
if we use Eq. (27), the first term on the left of 
(23) becomes 


Eq. 
(W,—W;)? 


W,’' — W;’)? 
—2B(W,'—W;’ 


= | 


—2yK+C). (29 
The effect of the separation in the > level, on 
the second term on the left of Eq. (23), is 
negligible. In the calculation the best value of 
y, chosen to make (A—2)? a constant, was found 
to be y= —0.06. This value is very close to the 
value y= —0.05 which was found directly from 
a consideration of the > levels. 

My thanks are due to Dr. W. H. McCrea for 
helpful criticisms of the work also to Dr. R. W. 
B. Pearse for kindly giving me his experimental 
data, which originally gave rise to the present 
problems. 

I am also indebted to J. H. Van 
Vleck for helpful discussions, and to the Trustees 
of the Henry Fund Fellowships for an award 
which made possible such a pleasant year of 
study at Harvard University. 
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The Electro-Optical Kerr Effect in Methane, Ethylene and Ethane 


WILLIAM M. BREAZEALE,* University of Virginia 


Received February 21, 1936) 


The Kerr effect has been measured in methane, ethylene, 
and ethane. The measurements were made at a wave-length 
of 6500A, pressures from 30 to 100 atmospheres and tem- 
peratures from 15 to 55°C. With the aid of the Langevin- 


Born theory absolute values for the Kerr constant at 


INTRODUCTION 


N continuation of the work previously reported 
by the author' the Kerr effect has been 
measured in three hydrocarbons. 

As is well known a dielectric under electric 
stress acquires the double refracting properties 
of a uniaxial crystal with the optic axis parallel 
to the lines of force. The phase difference between 
the two components of a light beam traversing 
this dielectric is proportional to the length of 
path, and to the square of the electric field 
strength. The constant of proportionality is the 
so-called Kerr constant. 

A theoretical examination of this effect by 
Langevin and by Born? resulted in the following 
relation between the Kerr constant B, the index 
of refraction m, the dielectric constant ¢, the 
wave-length \ and the absolute temperature 7, 


(m?—1)(m?+2)(e+2)? C 
B= _—, (1 
nr : 


Here C is a constant independent of temperature, 
density and wave-length. 

The theory further gives a relation for calcu- 
lating a theoretical value for the Kerr constant 
if the light scattering coefficient A is known. It is, 


3 A 
—1)(”2—1)- (2) 


B= (€ , 
4nNXRT 6—7A 


where N is the number of molecules per cc and k 
is Boltzmann's constant. 


* Now at Vanderbilt University, Nashville, Tennessee. 

''W. M. Breazeale, Phys. Rev. 48, 3, 237 (1935). 

* Langevin, Le radium 7, 249 (1910); Born, Ann. d 
Physik 55, 177 (1918). 


N.P.T. and 6500A have been deduced from these measure 
ments. The values are: for methane 3.6610 for 
ethylene 16.3 x 10~", and for ethane 10.4 10~". These are 
in fair agreement with theoretical values computed from 


the Langevin-Born theory. 


METHOD 


The method used in making measurements has 
previously been described in detail.*: *:° Briefly 
it consists in measuring the ratio of intensities 
of the ordinary and extraordinary beams with a 
photoelectric cell and amplifier. From this the 
Kerr constant under the conditions of measure- 
ment can be determined. High gas densities are 
used to increase the magnitude of the effect. 

The gases used were obtained from commercial 
cylinders. The manufacturer's analysis was taken 
in each case. 

The methane contained about 5 percent nitro- 
gen and less than 1 percent each of oxygen, 
carbon dioxide, and ethane. The latter two gases 
were removed by passing the methane under 
pressure through copper coils immersed in a 
mixture of alcohol and solid carbon dioxide. 
Corrections were made for the nitrogen and 
oxygen as described in a previous paper.! 

The ethane contained about 2 percent propane 
and a trace of methane. The propane was re- 
moved by passing the ethane under pressure 
through the copper coils immersed this time in a 
salt and ice mixture. Correction was made for 
the methane. 

The ethylene contained small quantities of 
ethane, acetylene and methane. The ethane was 
removed in the same manner as when purifying 
the methane. Corrections were made for the 
other impurities. 

RESULTS 

Since it has been well established that the Kerr 
effect follows the Langevin-Born theory*~ effort 

> Stevenson and Beams, Phys. Rev. 38, 133 (1931). 

‘ Bruce, Phys. Rev. 44, 689 (1933). 


° Quarles, Phys. Rev. 46, 692 (1934). 
§ Szivessy, Zeits. f. Physik 26, 323 (1924). 
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was concentrated on obtaining a quantitative 
measurement of the absolute value of the Kerr 
constant. To this end measurements were made 
under only a few different but a 
large number of readings were taken at each 


conditions 


point. 

The results of the measurement of the Kerr 
constant B in methane, ethylene and ethane are 
shown in Table I. The first three columns give 


TABLE I. Kerr constant in methane, ethylene and ethane. 
Wave-length = 6500A. 
B B B 

PRESSURE Temp. Firetp (Measured) (Std.Den.) (N.P.T 
(atmos (°C) ¢.8.U.) x 1910 <x 19! x 19! 

P METHANI 
94.0 20.0 370 3.89 3.59 3.85 
97.9 20.0 367 3.85 3.30 3.54 
99.6 40.0 370 3.32 3.13 3.58 
98.7 55.1 369 3.01 3.07 3.68 
Mean 3.66 

ETHYLENI 
58.4 20.0 305 22.3 15.0 16.1 
57.9 20.0 306 21.2 15.4 16.5 
73.8 40.0 304 20.9 14.3 16.4 
83.0 55.0 304 18.4 13.4 16.1 
Mean 16.3 

ETHANE 
31.2 15.2 278 5.04 9.6 10.1 
30.1 15.2 279 5.23 10.4 11.0 
49.0 53.1 281 5.70 8.5 10.1 
50.4 53.1 283 6.18 8.7 10.4 
Mean 10.4 


the experimental conditions under which the 
measurements were made. The fourth column 
gives the Kerr constant at the temperature and 
pressure of measurement. The fifth column gives 
B reduced with the aid of Eq. (1) to standard 
density (i.e., the density at N. P. T.) but at 
the temperature of measurement. Indices of 
refraction were determined by using the Lorentz- 
Lorenz relation and dielectric constants using 
Debye’s law. Values at normal pressure were 
taken from the International Critical Tables. 
This column then shows the variation of B with 
temperature. The last column gives B reduced 
to N. P. T., again with the use of Eq. (1). The 
constancy of this column is a measure of the pre- 
cision of the measurements and of the reduction 
formulae. 

The variation of B with temperature is shown 


LIAM M. 


BREAZEALE 


18 
16 

ETHYLENE 
14 


os) 
T 


E THANE 


@ 
T 


a 
| 


KERR CONSTANT @x10'% 
rs 
T 
[ 


7, ~..2" 





J = = ! i 
0 20 30 40 SO 60 70 
TEMPERATURE (°C) 





or- 


Fic. 1. Kerr constant B vs. temperature. 


graphically in Fig. 1. The experimental points 
are shown by circles while the solid lines are 
theoretical curves plotted from Eq. (1). 

The absolute value for the Kerr constant at 
N. P. T. and 6500A, deduced as explained above, 
for methane is 3.66X10~" for ethylene 16.3 
x10-", and for ethane 10.4X10~". The limit 
of the experimental error is 4, 2 and 4 percent, 
respectively. 

No published values of experimental determi- 
nations of these Kerr constants have been found. 
A theoretical value calculated from (2) is for 
methane 2.86X10-", for ethylene 17.210™", 
and for ethane 9.0X10~". Parthasarathy’s’ 
values for the light scattering coefficient were 
used. This would indicate at least a fair agree- 
ment between the values predicted by the 
Langevin-Born theory and the values deduced 
from experimental measurements. 
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Conjugate Potential Functions and the Problem of the Finite Grid 


W. H. Barkas, University of Washington 


(Received January 30, 1936 


A general expression is set up giving the conformal transformation for any assigned two- 
dimensional charge distribution. By evaluating certain sums the conjugate functions for a grid 
of K elements are found. The transformation for such a grating when placed parallel to an 





infinite plane is also computed. 


HE transformation’ W=—2q log (Z—a) 

yields the conjugate function solution for a 
filament of electrostatic charge density ‘‘g’’ at 
a point “a” in the complex plane. From the ad- 
ditive property of the vector W, one has im- 
mediately the solution for all two-dimensional 
potential problems in which the charge distri- 
bution is known (i.e., a position vector a, is 
assignable to each element of charge q,). This is 
obtained in the form 


K 
W=-—2>  q, log (Z—a,), (1) 
1 


n 


when there are K elements of charge. The explicit 
solution may be obtained by the evaluation of 
the indicated sum in terms of tabulated functions. 

If II"(Z—a,,)% is represented by f(Z), then (1) 
may be expressed as follows: 


W=-—2 log f(Z) is the transformation for line 
charges placed at the roots and poles of f(Z); the 
magnitude of a given charge being the order of the 
corresponding root or pole. 


When f(Z) is a trigonometric function the 
transformations for a number of infinite gratings 
are found. In particular, grids of which the ele- 
ments are placed along the axis of reals are found 
for f(Z) equal to sin Z? or cos Z, and if f(Z) 
represents tan Z, the elements are charged alter- 
nately positive and negative. Additional forms 
of some importance may be obtained when f(Z) 
is doubly periodic. 

The problem of a finite number of charges, 
however, is of especial interest, since many cases 
involving infinite sets of charges are obtainable 
by other means. 


FA Jeans, Electricity and Magnetism, fifth edition, 
p. 268. 


x 
*e.g., A product form for sin Z is Z 11 (1 —Z?/n?x?). 


n=1 


From (1) the potential function is given as 


. 
U=—-—> q, log [(x—a,)?+(y—8B,)? ] 


and the lines-of-force function is 


s y—B6. 
V=—2> gq, are tan 
n=l X—-A,y 


where a, =a,,+716,. 
If the elements of charge are equal the poten- 
tial function becomes 
- 
—~ 


U=—gq> log [(x—a,)?+(y—8,)* ] 
n=l 


L 


K 
= —q log Il ((x—a, +i(y—8, ] 
n=1 


k 
Il {(x—a@,)—i(y—8,) ]. (2a) 
1 


The conjugate function V likewise is 


K y—Ba 
—2q> are tan (2b) 
n=l xX—-Aa 


Further explicit evaluation is halted until a, 
and 8, are assigned. The solution may be illus- 
trated by considering the following problem 
refractory to other methods of approach. 

Given K infinite coplanar equidistant filaments 
of unit linear charge density ; to find the conjugate 
function solution. 

The transformation corresponding to (1) is 
then 


K-1 
W=-—2> log (Z—n), 


nv 
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which is appropriate to the above problem with 
the first element of the grating at the origin, and 
the others distributed along the axis of reals with 
unit spacing. Accordingly, the potential function 


1S 
K-1 K-1 
U=-—log Il (xn+iy—n) I (x—ty—n 
n=0U n=O 
by (2a). By writing Z=x+iy, Z’=x'+iy’=x 


— 1y this becomes: 


K—1 K—1 
U=-—log Il (Z—n) Il (Z2’—n). (3 
n=0 n=0 
It is noted that U(—y)=U(y), and U(x 


= U(K—1-—x). These relations are also physi- 
cally apparent. 

Eq. (3) may be written in another form if the 
difference equation I'(n+1)=7nI(») satisfied by 
the gamma-function is utilized. The form then 


becomes 
r(Z+1)P(2Z’+1) 
M(Z—K+1)l(Z’—K+1 


U= —log (4) 


The integral expression for the gamma-func- 


r(n) = | x*l¢-*dx 
“70 


fails to converge for R(n) <0 however, so (4) is 
a valid form of solution only when R(Z)>K—1 
unless use is made of one of the other forms of 
the 
gators® have found. It is, however, possible to 


tion 


gamma-functions which various investi- 


* The Weierstrass form is 
1 , 2 Z ) 
=~ = Lets 1+ ). Zin’, 
r(Z) a ( n j 


Z not equal to 0, —1, —2, —3, 
( \* Z\") 
{ n n j 
holds for Z not a negative integer. Another expression has 


been given in which the extended gamma-function is 
expressed as a definite integral 


etc. Euler’s form 
1 a 

r(Z)=— I 
Z nm 


“ao a (—1)k +k 
, = Zz ee pied 
r.(Z)= J, t (. t—[+/ aitait Ki )e 4 
K an integer so that —K>Z>—K-—1. For this reference 
is made to Saalschiitz, Zeits. f. Math. und Physik 32, 1887 
and 33, 1888. 


BARKAS 


express U in terms of gamma-functions which 


do not ever diverge for this reason. For, 


nt r(Z+1)r(K-—Z 
Il (Z—n (—1)*-é-1 5 
n=0 r(Z—6)r(é—Z+1 


where 6 is the integer defined by 56<R(Z)<6+1 
In this expression the real part of the argument 
of each gamma-function is always positive over 
the region R(Z) >0. 
Eq. (4) now becomes 


M(Z+1)P(K-Z 


U= —log 
r(Z—5)r(6—Z+1 
4a 
r(Z’+1)T(K—Z’) 
—log 
r(Z’—6)r(6—Z'+1 
since R(Z) = R(Z’). Now ['(n) (1 — 7) =7/sin xn, 
R(n) <1, so 
U=—log iTsin r(Z—5 sin r(Z’—5 x | 
xX ET(Z+1)P(K-—Z)r(Z’+1)r(K—-Z’) }} 
R(Z)<K (6 


is the desired solution. 
The conjugate function |’ is also to be evalu- 
ated. From 
K-1 
V=—2 > arctan y/(x—n), 


n=0 


which is the appropriate specialization of (2b), 
oV K-1 X—M 
hs 
oy n=0 (x—n)?+y" 
K-1 1 K-1 1 
o—_s = 
n=0Z—n 2=0Z'—n 


To evaluate these, the following identity is 


considered : 


K—1 K-—1 
log II (Z—n)= > log (Z—n 
n=0 n—0 
or 
a 
log T'(Z7+1)—log 1'(2—K) = > log (Z—n), 


R(Z)>K-1. (i 


utilizing (5), one has also 





ich 


Jt 








PROBLEM OF THE FINITE GRID 629 


i(K —6—1)r+log 
r(Z—46)r(6—Z+1 
xr 


> log (Z—n), (7a 


valid for R(Z)<K, 6<R(Z) <6+1. 
Differentiating (7) with respect to Z the desired 

sum is obtained as: 

gg =F I’"(Z+1 "(Z—-K 


7 - - , R(Z)>K-1 
=o Z—n T(Z+1 r(Z—K 


and 

K-1 | ”M(Z+1) W(K-Z) I(Z—85) 

.¥ = _ — 

— Z—-n V(Z+1 r(K-Z) Yr(Z—85) 
M(é—-Z+1) 
oo from (7a). 
r(é—Z+1 


The function, ¥(Z) =(d/dz) log ['(Z) has been 
designated the digamma-function.* Utilizing this 
symbolism, 


aV/ay= —[W(Z+1) -W(Z-K 
+y(Z'+1)—y(Z’-—K) |, R(Z)>K-1 


and 


dV dy= —[Y¥(Z4+1) —p(K—-Z) —W(Z—-5 
+y(6—Z+1)+y(Z'+1)-YW(K-Z’ 
—y(Z' —6)+¥(6—Z'+1)], R(Z)<K. 
It is noted that this is the negative x com- 
ponent of the field. By integrating with respect 
to y the two forms yield the following expressions 


for the lines-of-force function: 


r(Z+1)r(Z’-K 


l’=72 log , R(Z)>K-1 
r(Z’+1)(Z-—K 
and 
r(Z+1)F(K —Z) sin r(Z’ —56 
l’=2 log 3 S 
r(Z’+1)r(K—Z’) sin r(Z—5 
R(Z) <K, 


The transformation for the system consisting 
of the grid and a parallel infinite plane is now 
readily found. The expression 

K-1 
W=—2 > log (Z-th—-n 
is correct for grid elements having an ordinate h. 
Then for the axis of reals to be an equipotential 
line, the image of the grid with respect to this 
axis is added to the charge configuration. The 
transformation is 


1 


K-1 k 
W,=-2 p 2 log (Z—th—n)+2 hs log (Z+ih—n), 
» ’ ’ ‘) 


( 


vielding 


sin r(Z—th—5) sin r(Z’ +7h—8)0(Z'’ +2h+1)0(Z—1h +1) 1 (K —th-—Z')T(K+ih-Z 


U,=log - 


sin r(Z+72h—5) sin r(Z’ —th—48)T(Z' —th+-1) 0 (Z4+0h4+- 1) (K+7h—-Z')T(K -th-Z 


R(Z)<K. (9) 


If the surface of a physical conductor replaces an equipotential line, say U= Uo, then the grid- 


plane capacity per unit length is C=K/U>». 


For the same case the lines-of-force function is 


— = m(Z+i1h—5) sin r(Z’+2th—8)0(Z—tht-1)0(K+7h—2)0(Z' —1h +1) (K4+1h-Z’ 
1=1 log 


sin r(Z —th — 8) sin r(Z’ —th—8) 1 (Z+72h+-1)0(K —th—Z)T(Z' +-2h#t+- 1) (K-—th-Z’ 


For application the solutions (6 and 8) require 
multiplication by the actual linear charge density, 
and a suitable additive constant is necessary. If 


_‘E. Pairman, Tracts for Computers, No. 1 (Cambridge 
University Press, 1919), pp. 1-19. 


R(Z)<K. (10) 

the spacing is o then Z must be replaced by Z/c, 

which has the effect of multiplying all dimensions 

by o. Similarly in (9 and 10) a modification is 
necessary for this reason. 

In the immediate vicinity of the filaments, the 
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equipotential lines are circular, and remain quite 
uniform from one element to the next. Since a 
conductor is sheathed by an equipotential surface 
when in an electrostatic field, one of the equi- 
potentials may be replaced by the physical 
surfaces of grid wires, as is common practice. 
For computation the expression 


1/M(Z) =2Z4+C2.2°+C3;2'+::: 


is useful. L. Bourguet® has given twenty-three 
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coefficients of this series to sixteen places. The 
gamma-function of a complex argument has been 
tabulated by H. T. Davis.® Several other tables 
of the gamma and polygamma-functions are also 
in existence. 

The author’s best thanks are extended to Dr. 
M. E. Haller for checking the work here given. 


°>L. Bourguet, Acta Mathematica 2, 289 (1883) 
‘H. T. Davis, Tables of the Higher Mathematical Func- 
{tons. 
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The Paschen-Back Effect 
III. *S°*P Multiplets in Strong Fields 


]. B. GREEN AND R. A. LoriNnG, Mendenhall Laboratory of Physics, Ohio State University, and the University of Louisville 
(Received February 24, 1936) 


The Paschen-Back effect of ?S*P multiplets has been discussed and the theory verified in 
detail. In particular, the °S°*P multiplet of Li, 46708, has been resolved in reversal and shows 


the fine structure predicted but not heretofore observed. 


HE effect of strong magnetic fields on *.S°P 

multiplets first investigated theo- 
retically by Voigt' on the basis of the classical 
theory. His predictions and formulae agreed in 
most essentials with those developed later by 
Heisenberg and Jordan? and by Darwin* accord- 
ing to the quantum mechanics. 

We usually hear the statement that “‘for very 
strong magnetic fields, a multiplet exhibits the 
normal Zeeman effect."’ This statement is not 
accurate, in that the word “strong’”’ is not 
sufficiently definite. So far, it has not been 
possible to produce magnetic fields that would be 
strong enough to bring about this condition. We 
should require fields so strong that the LS 
coupling would be completely broken down. For 
field strengths obtainable in the 
laboratory this condition is not even approxi- 
mately approached, except for LS structure 
constants that cannot be resolved with our best 
attainable resolving power, and then the argu- 


was 


ordinarily 


ment loses its potency. 


1 Voigt, Ann. d. Physik 40, 368 
42, 210 (1913). 

? Heisenberg and Jordan, Zeits. f. Physik 37, 263 (1926). 

3 Darwin, Proc. Roy. Soc. A115, 1 (1927). 


1913); 41, 403 (1913); 


An examination of the formulae for the posi- 
tions of Zeeman components shows that in strong 
fields where the normal Lorentz separation is 
very large compared with the LS separation 
the difference 


these positions are given by 


between two terms like 
W =wlI(m,+2m,)+ammm,, 


where w=eh/4rmoc and a is the fine-structure 
constant. Thus, in very strong fields we should, 
indeed, have a normal Zeeman pattern but 
instead of having single lines for the components 
each of these is split into a number of components 
equal to the multiplicity of the electronic levels. 

This statement has been tacitly accepted for a 
long time but has not yet been subjected to ex- 
perimental verification. To be sure, for hyperfine 
structure the experimental status of the Paschen- 
Back effect is definitive and has yielded many 
fruitful results. But there is this difference be- 
tween the technique in the two cases. Some heavy 
atoms show small hyperfine structure separa- 
tions, and the Doppler effect is sufficiently small 
so that the resulting components are quite sharp; 
while for fine structure it is necessary to use very 
light atoms in order to have small enough fine- 
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structure constants, and then the Doppler effect 
causes the lines to broaden out and the fine 
structure is unresolvable. 

A study of Kent’s work‘ on the red lithium line 
\6708 brings out this last point quite clearly. For 
field strengths up to 18,000 gauss, a Geissler 
discharge was used and studied with an echelon 
grating. The experimental results were in very 
good accord with the theory.’ Higher field 
strengths, using a vacuum arc, showed the lines 
to be quite broad. At the time, the peculiar 
behavior of this line in a magnetic field caused 
considerable discussion, but its importance has 
disappeared in the limbo of rapid progress in 
spectroscopy and the theoretical results have 
been tacitly accepted. It had not been thought 
worth while to pursue the point. Indeed, the 
matter has not been touched experimentally for 
more than twenty years, although the theory has 
since been put on a sounder quantum-mechanical 
basis. For the sake of completeness, we have 
endeavored to satisfy this one point. 

The work of Back® on emission lines at strong 
fields and of Hansen’ on the inverse effect 
(absorption) showed that there was little chance 
of success of resolving the perpendicular com- 
ponents in any of the ordinary ways, even 
though Zeeman in a private communication to 
Voigt' indicated that ‘‘these components were 
broader than the central component (parallel 
polarization) and appeared sometimes to be 
double, although on this last point, he could 
not be sure.”’ 

With the use of a vacuum chamber of design 
very similar to that of Back,* we studied the Li 
line in the first order (dispersion 1.32A,mm) of the 
21-foot concave grating. First trials, with LiCl 
and LiO deposited on the anode strip (brass), 
yielded only the fuzzy components found by 
Back and by Kent. But one exposure, run at a 
somewhat higher current, indicated signs of 
reversal. This suggested the idea that if we could 
have large quantities of vapor present, we might 
be able to get the effect for which we were look- 


‘Kent, Astrophys. J. 40, 337 (1914); Physik. Zeits. 15, 
383 (1914). 
_*For a complete discussion of this, see Condon and 
Shortley, Atomic Spectra (Cambridge Univ. Press). 

* Back, Ann. d. Physik 39, 929 (1912). 

* Hansen, Ann. d. Physik 43, 252 (1914). 

* Back, Ann. d. Physik 70, 333 (1923). 
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Fic. 1. (left) Cu doublet *S*P, \\3247, 3274, w=a/100. 

Fic. 2. (center) Be II doublet *S*P, \A3131, w=a/2. 

Fic. 3. (right) Li doublet 2.S°P, \6708, w =8a, Paschen-Back 
effect in reversal. 


ing, but in reversal. We therefore used lithium 
metal packed into slots in the brass anode and 
ran the arc with a tungsten cathode at about 3 
amperes average current, about twice the normal 
operating value. Eastman Panatomic film was 
used, because the separation sought was only 
0.075 mm (approaching the resolving power of 
the instrument), and our first attempt met with 
success. Each of the perpendicular compo- 
nents showed two absorption lines against the 
fuzzy background, while the parallel component 
showed only one. The short wave-length com- 
ponent showed this more clearly than the long 
wave-length component, and the cause of this 
was at first not quite clear. But an accurate calcu- 
lation of the separations of these two doublets 
shows that even at the field strength used, 
w = 8a, the doublet on the short side should be ten 
percent wider than that on the long side, instead 
of both of them being equal to 2/3 a, the value for 
extremely large fields. (See Fig. 3.) 

The effect of increasing the field strength on a 
*S°P multiplet is shown by means of the above 
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three cuts. Instead of using the same multiplet 
and varying the field strength, the same field 


strength (about 38,000 ¢) was used and the 
multiplet separation was varied. Thus Fig. 1 
represents the Cu multiplet AA3247, 3274, 


»=1/100a. The comparison with the theoretical 
intensities shows that the pattern is normal in 
spacing and intensity. (The parallel polarized 
components appear weaker than the perpendicu- 
lar, although they should be stronger. This is 
caused in large measure by the slit and rulings of 
the grating, which are set perpendicular to the 
magnetic field and show a preference for polariza- 
tions in that direction. No method has yet been 
devised for the comparison of intensities of 
differently polarized lines using the ordinary 
concave grating set-up.) 

Fig. 2 shows the Be IT doublet A3131, w=1, 2a, 
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first studied by Popow® and classified correctly 
by him. Asymmetries in intensity and position 
begin to be apparent. 

Fig. 3 shows the Li line \6708, w=8a. The 
effect is shown in reversal ; all previous symmetry 
is lost and the line has reverted to the “‘normal”’ 
triplet with fine structure, as predicted by the 
theory. 

In all three figures the microphotometer trace 
is shown at the bottom. Then the calculated 
pattern, and finally, an enlargement of the 
original negative. The enlargement of Fig. 3 
shows a faint line on the red side of the parallel 
component. This was noted by Kent* and has 
been attributed by Schiiler and Wurm" to Li’, 
the weaker isotope of lithium. 


* Popow, Physik. Zeits. 15, 756 (1914). 


0 Schiiler and Wurm, Naturwiss. 15, 971 (1927) 
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The Paschen-Back Effect 


IV. Mutual Spin-Orbit Interaction in Two-Electron Spectra 


J. B. GREEN AND R. A. LorING, Mendenhall Laboratory of Physics, Ohio State University, and University of Louisville 


Received February 24, 1936) 


The effect of a strong magnetic field on the Be triplet \\3321, *P°S has been studied. The 
experimental patterns have been compared with calculations which take account of the inter- 
action between the spin of one electron and the orbit of the other. The experimental results 
are in excellent agreement with the theory, but in some disagreement with Back’s earlier 


work on this group of lines. 


interaction between the spin and orbit of each 
electron. The magnetic interaction of the spin of 


HE Paschen-Back effect in two-electron 


spectra, one electron in an s state, has been 


discussed and verified for the cases of LS one electron with the orbit of the other was 





coupling,' calculated by Darwin's? method, and jj 
coupling,’ calculated from Houston’s* method. 
Darwin's calculations are essentially the exten- 
sion of a single-electron calculation assuming the 
Landé interval rule, while Houston’s calculations 
consider only the effects of electrostatic inter- 
action between the electrons and of the magnetic 


! Green and Gray, Phys. Rev. 45, 273 (1934). 
* Darwin, Proc. Roy. Soc. A115, 1 (1927). 

3 Green and Loring, Phys. Rev. 46, 888 (1934). 
‘ Houston, Phys. Rev. 33, 297 (1929). 


neglected, as being of order 1/Z, compared with 
the latter interaction term. It has been pointed 
out in an earlier paper® that this term could not 
be neglected for the lighter elements where Z is 
small, nor for higher values of 1 (where Ze; is 
small). An attack on the problem to include this 
other interaction Wolfe.‘ 
Because of the difficulty of calculation of the 


has been made by 


> Green and Loring, Phys. Rev. 38, 1289 (1931). 


® Wolfe, Phys. Rev. 41, 443 (1932). 
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radial integrals, the comparisons of theory and 
experiment in these cases must be made in terms 
of parameters. In the case of one s electron and 
another electron, if the method of Wolfe is used, 
three parameters are necessary and thus, since 
only four levels are involved, the results can 
always be adjusted to fit the experimental values, 
and nothing new is learned. 

It is only in the case of a very light element, 
where this mutual magnetic interaction would 
be fairly large, that any test could be made. 
There are available then the triplets of He, the 
spark spectrum of Li, and the triplets of Be. Of 
these, the spectrum of Li would be too compli- 
cated because of its hyperfine structure; and the 
present set-up is not well adapted to the excita- 
tion of gaseous spectra. Previous calculations 
showed large discrepancies between the results of 
Back’ on Be \A3321, *P*S particularly with re- 
gard to the polarizations of some of the com- 
ponents. We therefore decided to repeat the 
observations of Back and compare them with the 
present status of the theory. 

The experimental set-up was the same as that 
used in our previous paper® except for the 
preparation of the anode. It consisted in this case 
of a piece of brass about two inches long and one- 
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the direction of its length by a thumb-screw 
attached to a greased cone. The beryllium metal 
came in the form of a chunk of crystal which first 
had to be broken into smaller pieces in an iron 
mortar to about one-half millimeter or less. The 
brass anode was then softened in a flame and the 
beryllium pressed into the surface in a large drill 
press. The mechanical contact thus provided was 
sufficient to hold the beryllium in place during 
the course of the experiment. Exposures were 
taken in the first and second orders (1.23 and 
0.66A /mm) and lasted from one to three hours. 
During this time the anode was changed about 
every twenty minutes and a fresh surface was 
moved into the field about every two minutes. 

In order to compare the experimental results 
with the theory, the following method was 
adopted. It was assumed that the actual zero- 
field positions of the *Po 2 levels were the diagonal 
elements of the zero-order matrices for the differ- 
ent values of m and that the matrix elements 
because of the introduction of the magnetic field 
were the ordinary LS elements; i.e., for the 
diagonal elements 


(SLIM H™| SLIM) =eMeg(SLJ 
F 


quarter of an inch wide which could be moved in-*-and for the nondiagonal elements 


SLIM \|H™| SLJ-—1M) -o( 


(J—-L+S)(J+L—S)(J+L+S8+1)(L+S8+1-J) 


(J?— M?)!, 


4J?(2J —1)(2J+1) 


This assumption is probably justified by the fact that the 'P; level of this configuration is so far 


away that its influence on the *P, level is negligible. The matrices then become 


3P,, 
form=2 *P»s'P.+3w 


form=0 *Pe. 


3P, 3P, 


for m= 1 iP» $Po+ Sw wW 2 


*Piw/2  *Py + $e 


and similar expressions for —1 and —2 but with the sign of w changed in the diagonal elements. 


* Back, Ann. d. Physik 70, 333 (1923). 
* Green and Loring, Phys. Rev., preceding paper. 
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Fic. 1. Be multiplet 
‘P3S = 3321, field 
strength about 38,000 
gauss. 


J. B. GREEN 


The positions of the levels 
’P, etc. for the different 
values of m are then deter- 
mined by subtracting E 
from the diagonal elements 
and setting this secular de- 
terminant equal to zero. 
Having found the roots of 
each equation, the coeffi- 
cients in the expansion 


W(A) = iv 'P» 
+desW(*Pi) +asa(FPo) 


can be determined, where A 
is a solution of the secular 
equation. The intensity of 
any transition is then found 
by the following equation: 


Tnm'CS,—A) 
= (a, a Ay —%P,) 
+24P nm: (FS; —*P}) 
+434 P mm (FS;—*Po) P, 
where P,,,,, is the amplitude 
of the intensity for very 
weak fields. It is very im- 
portant that the phases of 


the Pim be chosen cor- 
rectly.® 
The results are shown 


graphically in Fig. 1. At the 
top are the microphoto- 
grams; beneath these, en- 
largements of the original 
negatives, and finally, the 
calculated positions and in- 
tensities. The close agree- 
ment between theory and 
experiment is gratifying. 

The results of the present 
paper disagree with Back’s 
results in several of the de- 
tails, and we are at a loss to 
account for the discrepan- 
cies. It is obvious from the 
photographs that there are 

* For a complete discussion of 
the phases, see Condon and 
Shortley, 9% and 11°, Theory of 
Atomic Spectra (Cambridge Uni 
versity Press, 1935). 
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Fic. 2. Zn triplet *P®°S \\4680, 4722, 4810 field strength 
about 38,000 gauss. 


no perpendicularly polarized components at the 
position shown by Back’s observations (indicated 
by arrow). 

The relative position of the perpendicular and 
parallel polarizations was determined by measur- 
ing the patterns of the Zn \A3345 and 3282 with- 
out polarizations separated and with polariza- 
tions separated, and the polarized patterns of the 
Be \A\3321 relative to the latter. 

Fig. 2 shows the Zn triplet \\4680, 4722, and 
4810, and we can see how much the pattern 
illustrated here differs from the strong field case 
of Be \A3321 which represents an exactly similar 
transition. Even here, however, we can see that 
the extreme short wave-length component is a 
little than the extreme wave- 
length component. This is the first evidence of a 
Paschen-Back effect. Long before any disturb- 
ances and irregularities in the positions of com- 


stronger long 


ponents become apparent, the intensities of the 
lines are quite markedly affected. 
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LETTERS TO THE EDITOR 


> shi whisra , P hese > F sons , oy } 
Prompt publication of brief reports of important discoveries in physics may be secured by 


addressing them to this department. Closing dates for this department are, for the first issue of the 


monn, the twentieth of the prec eding month; for the second issue, the fifth of the month. The Board 


j 


of Editors does not hold itself responsible for the opinions expressed by the correspondents. 


Communications should not in general exceed 600 words in length. 


Evidence for the Existence of Li® 


It has been suggested by Oliphant! that if a nucleus 
with mass 5 exists it must either be He® or Li‘, the first 
being the more probable. I have recently obtained evi- 
dence indicating the existence of Li*. The mass spectra for 
lithium ions emitted thermally from an impregnated plati- 
num source show a distinct peak in the mass number 5 
position. 

lhe mass spectrograph was in general the same as that 
described previously.2 The accelerating potential placed 
on the source was 990 volts, the distance between the 
source and the slit was 4 mm and the operating pressure 
was 3X10-* mm Hg. The platinum disk source was im- 
pregnated with lithium by heating to redness in contact 
with Li;PO, for about one hour, after which the disk was 
scraped clean of all adhering salt. 

The presence of a general background was inappreciable 
below the 5.5 position, while at 5.8 it was about one-third 
the height of the peak at 5. It seems improbable that the 
observed peak could have been due to any abnormality 
in the background. The sharpness of the peaks excludes 
the possibility of He® ions being formed in the space be- 
tween the source and slit; no peak was observed for mass 
number 4. The thermionic emission of a doubly charged 
boron ion is highly improbable, especially since no peak 
at the 10 position was detected. The most reasonable 
explanation of the observed peak for mass number 5 is, 
therefore, that it is due to Li’. 

Che abundance ratios obtained for the various lithium 
isotopes were independent of the magnitude of the resolved 
current. A ratio of Li?/Li* = 11.60 was again observed while 
the ratio for the new peak was Li’/Li'=20,000+1000. 
These values are for the positive ion ratios and are un- 
corrected for a possible isotope effect of free evaporation. 

A. KeitH BREWER 


Bureau of Chemistry and Soils, 
Washingion, D. C., 
March 28, 1936. 





'M. L. Oliphant, Nature 137, 396 (1936 
7A. Keith Brewer, Phys. Rev. 47, 571 (1935) 


Nuclear Spin of Iodine from the Spectrum of I, 


The recent work of Tolansky' on the hyperfine structure 


of the iodine arc spectrum has indicated a value of 5/2 for 
the nuclear spin. Previously, he had estimated? a value of 


on 


9/2 while de Bruin had given 3/2. Inasmuch as Tolansky's 
conclusion is based largely on the application of the interval 
rule in perturbed levels, it seemed desirable to confirm it by 
measurement of the alternating intensities in the molecular 
spectrum. No alternation has been hitherto detected except 
in the resonance-fluorescence spectrum in the presence of a 
foreign gas, where alternate lines are missing.‘ This, 
however, tells us nothing about the nuclear spin, nor about 
the statistics obeyed by the nucleus. 

We have measured the frequencies and the intensities of 
the resolved lines in some of the long wave-length ab 
sorption bands of the O,,*, 'Z,* system. A 120-centimeter 
absorption tube, containing iodine in vacuum at 80°C, was 
used to photograph the spectrum in the first order of the 
21-ft., 30,000 line/in. grating. The bands lying in the 
region of maximum sensitivity of 144 U plates are quite 
free from overlapping. Measurements of the frequencies in 
the 4,9 and the 3,9 bands, and application of the combi- 
nation principle, confirmed Loomis’ assignment® of rota- 
tional quantum numbers. 

rhe 3,9 band is very good for intensity measurements, 
since here the P and R branches are well separated. The 
plates were calibrated with a ‘‘step-slit,"” and the peak 
intensities were read from microphotometer curves taken 
with the Zeiss instrument. A consistent alternation was at 
once apparent, lines of odd ‘‘K”’ being strong. Since the 
lower state is '=,*, this shows that the nucleus obeys the 
Fermi-Dirac statistics, as expected for 53I'*’. The ratio of 
the absorption coefficient of each strong line to the average 
of the two adjacent weak lines was taken throughout the P 
and R branches, and the average ratio in each branch 
determined. Twenty-seven ratios in the P branch gave 
1.382+0.022 and twenty-two in the R branch 1.369+0.025. 
Since the spin is expected to be half-integral, the possible 
values of g,/ga.=(J+1)/J are 1.67, 1.40, 1.29 for J=3/2 
5/2 and 7/2. We conclude that the nuclear spin is 5/2, in 
agreement with Tolansky. The measured ratio is expected 
to be slightly low because of the effect of superimposed 
faint lines from other bands. 

L. A. STRAIT 
F. A, JENKINS 


University of California 


March 24, 1936 


S. Tolansky, Proc. Roy. Soc. A152, 663 (1935 

Tolansky, Nature 127, 855 (1931 

de Bruin, Nature 125, 44 (1930) 
«R W. Wood and F. W. Loomis, Phil. Mag. 6, 238 (1928). 
5 F. W. Loomis, Phys. Rev. 29, 119 (1927 
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A Relation Between the Fundamental Constants of 
Physics 

Eddington, as is well known, pointed out recently the 

possible cosmological significance of the number 
Z1 = 136 X 2! x 2156 

which he obtained from considerations based on Dirac’s 
theory. Eddington identifies this number with the double 
of the number N of electrons contained in the universe 

On the basis of this theory, however, another number 
appears just as important, i.e., 


Z2= 120 21205 213 


If we start from the relation deduced by the author, and 
demonstrated by Sitte and Glaser! 
h/mye = R/2(N,)? 
(h, the elementary quantum of action, my, the mass of the 
hydrogen atom, R, the radius of the universe, .V,;= }Z 
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and on the other hand assume that R is connected with 


the radius a of the electron by the relation 
R?=N:,Xa®? or R=N2?Xe?/me 


e and m, the charge and mass of the electron, V.=}Z 
we obtain by comparison, the following formula 


e2/2ch) X (my /m) =(N,/N2)? = (136/120 


Since (27e?)/(hc) represents the Sommerfeld constant 
which Eddington assumes to be exactly the reciprocal of 


137, we arrive at the purely arithmetical relation 
my /m=4er X 137 (17/15 


[his relation vields a value of 1833. 


ARTHUR HAAs 


Bowdoin College, 
Brunswick, Maine, 
March 30, 1936 


Sitte and Glaser, Zeits. f. Physik 86, 674 (1934 
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Proceedings of the Metropolitan Section 
of the 


American Physical Society 


MEETING O1 


Marcu 20, 1936 


HE second meeting of the Metropolitan Section of the American Physical 
Society for the season 1935-1936 was held on Friday, March 20, 1936, in 
the Pupin Physics Laboratories of Columbia University. The following papers 


were presented: 


Afternoon session—4 P.M. 
The Scattering of Slow Neutrons, A. C 


MitTcHeELL, New York University 


The Interactions of Slow Neutrons with Nuclei, H. H. Go_tpsmitu, Columbia Universit) 
A Demonstration of a New Form of Stroboscope, A. J. O'LEARY, College of the City of 


New York 


Infrared Spectra, R. B. BARNES, Princeton University. 


Evening session—8 P.M. 


Modern Seismology and Some of Its Problems, J. J. LyNcu, Fordham Universit) 


The following officers were elected for the season 1936-1937: 


Chairman 

Vice Chairman 

Secretary-Treasurer 

Elected members of the 
Executive Committee 





K. K. Darrow 
H. W. Wess 
W. S. Gorton 
R. LADENBURG 
O. HALPERN 


W.S. Gorton, Secretary-Treasurer 
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MINUTES OF THE 


HE 204th regular meeting of the American 
Physical Society was held in New York on 


Friday and Saturday, February 21-22, 1936, as 





a joint meeting with the Optical Society of 
| America. The presiding officers at the sessions 
| of the Physical Society were Professor F. Kk. 
Richtmyer, President of the Society, Professor 
H. M. Randall, Vice President, Professor E. U 
Condon, Dr. Karl K. Darrow, Dean Henry G. 
Gale, Professor F. W. and 
John Zeleny. All sessions were held in the Pupin 
Physics Laboratories of Columbia University. 


Loomis, Professor 


The joint session with the Optical Society of 
America was held on Friday morning at ten 
o'clock. This session was a symposium on The 
Diffraction Grating. The President of the Physical 
Society, Professor F. K. Richtmyer, presided. 
The invited papers were as follows: Early History 
of the Diffraction Grating by Karl K. Darrow, 
Bell Telephone Laboratories, Inc.; On the Ruling 
and Testing of Diffraction Gratings by R. W. 
Wood, The Johns Hopkins University; Develop- 
ments in the Rulings of Gratings at the University 
of Chicago by Henry G. Gale, University of 
Chicago; and Diffraction Grating Supply and 
Demand by R. C. Gibbs, Cornell University. 
The attendance at this symposium was about 





300. 

On Friday evening the Society joined with the 
Optical Society for dinner at the Columbia 
University Faculty Club. This dinner was 


attended by one hundred and thirty-five guests. 
The President of the Physical Society, Professor 
F. K. Richtmyer, presided and called upon 
President Hardy of the Optical Society to speak. 

Meeting of the Council. At its meeting on 
Friday, February 21, 1936, the Council trans- 


| ABSTRACTS 


1. Early History of the Diffraction Grating. Kari K. 
Darrow, Bell Telephone Laboratories, Inc: 

2. On the Ruling and Testing of Diffraction Gratings. 
R. W. Woop, The Johns Hopkins University. 

3. Developments in the Rulings of Gratings at the Uni- 
versity of Chicago. HENRY G. GALE, 


Chic ago. 


University of 





NEW YORK MEETING, 


REVIEW VOLUME 19 


Proceedings of the American Physical Society 


FEBRUARY 21-22, 1936 


ferred thirteen candidates from membership to 
fellowship, reinstated two to fellowship and three 
to membership, and elected thirty-seven candi- 
dates to membership. J7vransferred from member- 
ship to fellowship: Mildred Allen, William Phelps 
Allis, Gladys A. Anslow, Robley D. Evans, 
Alfred B. Focke, Nathaniel H. Frank, Hans 
Mueller, Jenny E. Rosenthal, Donald C. Stock- 
barger, Julius A. Stratton, John A. Wheeler, 
Ernest O. Wollan, and John C. G. Wulff. 
Reinstated to fellowship: George Glockler and 
John P. Minton. Reinstated to 
Francis J. Altman, Neal D. Newby, and Leland 
J. Stacy. Elected to membership: F. L. Biship, Jr., 
Carl L. Bryan, Samuel D. Cornell, Jack N. 
Ferguson, Willis A. Gibbons, Clark Goodman, 
Wayne C. Hall, Robert A. Harrington, Dunham 
Jackson, Myron A. Jeppesen, Ralph P. Johnson, 
Max 


Knobel, Maurice K. Laufer, Clayton R. Lewis, 


membership: 


Creighton C. Jones, Hirosi Kamogawa, 
\W. James Lyons, Steven R. Meadows, Kiyoshi 
Murakawa, Robert G. Nugent, Kyujiro Oshima, 
Richard D. Present, Edward M. Purcell, S. J. 
Richards, Jacob A. Rinker, George D. Rochester, 
Raymund Sanger, George S. Sperti, Chauncey 
Starr, Donald W. Stoner, Hans Thirring, Jean- 
Francois Thovert, Charles H. Townes, John C. 


Turnbull, Johan H. van der Veen, Harold Walke, 
and Matthew Zaret. 

The regular scientific program of the American 
Physical Society consisted of sixty-nine con- 
tributed papers; numbers 53 and 57 were read 
by title. The abstracts of the contributed papers 
are given in the following pages. An Author 
Index will be found at the end. 

\W. L. SEVERINGHAUS, Secretary 


4. Diffraction Grating Supply and Demand. KR. C. Gisss 


Cornell University. 


5. Statistics of Geiger-Miiller Tube Counters. L. | 
ScuiFF, Massachusetts Institute of Technology.—A general 
relation is derived for the number of counts registered by a 
Geiger-Miiller tube counter exposed to a source whose 
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strength varies arbitrarily with the time, when the counter 
has a finite, constant resolving time. This is applied 
specifically to the case of an exponentially decaying source 
superposed on a uniform background. The resulting 
expression is too complicated to solve analytically, and 
approximations good enough to cover the whole field of 
usefulness of the formula are of little value, so the solution 
is expressed in nomographic form. A relation is found for 
the number of spurious coincidences in a set of N counters 
used coincidentally, when exposed to backgrounds that 
are uniform for each but not necessarily the same for all, 
and when the resolving time of the individual counters is 
neglected in comparison with the resolving time of the 
combining circuit for coincidences. The coincidence theory 
is applied also to the magnetic beta-ray coincidence 
spectrometer of the type used by Henderson, Alichanow 
and others, and an expression for the number of spurious 
coincidences observed in this instrument is obtained 


6. Theoretical Analysis of Amplification of Pulses from 
an Ionization Chamber. E. A. JoHNsON, Carnegie Institu- 
tion of Washington, Department of Terrestrial Magnetism. 
—A Fourier integral analysis of the frequency spectrum of 
a pulse from an ionization chamber has been made and 
the shape of the output pulse calculated as a function of 
the pass band of the amplifier. An optimum value for the 
pass band is found as a function of collection time of the 
ionization chamber. The signal-to-noise ratio is then 
calculated and the optimum value of collection time for a 
given input tube is determined. The advantages of a 
fixed-bias method over a floating-grid method are pointed 
out and the design of the input stage discussed. 


7. Design and Operation of the Counter Controlled 
Cloud Chamber. J. C. Street anp E. C. STEVENSON, 
Harvard University—The pneumatic rubber diaphragm- 
type of cloud chamber suggested by C. T. R. Wilson is 
especially suited to large sizes. Rigid front and back stops 
of wire gauze or perforated metal allow just the correct 
expansion without excessive care in controlling air pressure. 
An adjustment of the separation of the gauzes controls the 
expansion ratio. The use of alcohol vapor in argon, for 
which the expansion ratio is less than 1.10, results in 
lower excess pressures in the chamber and permits large 
chambers of light construction to be used. The latter are 
especially useful in cosmic-ray studies. Two such chambers 
have been constructed and have proved very satisfactory. 
The design and operation of these chambers will be dis- 
cussed in detail. A description of the light source and of the 
auxiliary apparatus for counter control will be given. 


8. Cloud Chamber Photographs of Counter Selected 
Cosmic-Ray Showers. E. C. STEVENSON AND J. C. STREET, 
Harvard University.—A detailed discussion is given of the 
appearance of cosmic-ray showers from a lead plate 1.3 cm 
thick in a large cloud chamber controlled by three G-M 
counters, one above and two below the chamber. Showers 
of photons were responsible for about half the triple 


coincident counts, but sprays of electrons from the lead 
accounted for the tripping of the lower counters in most 
of the other cases. Three-quarters of the single-centered 
electron shower sprays were due to an electron which 
traversed the upper counter and struck the lead from 





above. The remainder were due (to nonionizing rays, 
presumably photons. Twenty-three photographs out of a 
total of a hundred seventy-four showed complex phe- 
nomena. The distributions of the showers according to 
size and the shower electrons according to angular spread 


are given. 


9. The Variation of Cosmic-Ray Showers with Altitude 
from Counter Measurements. R. H. Woopwarp, Harvard 
University—In order to determine the relative intensity 
and quality of the shower producing radiation as a function 
of the altitude, curves for the production of cosmic-ray 
showers in lead have been obtained at four elevations: 
sea level, 1620 m (64 cm mercury), 3250 m (51 cm), and 
4300 m (44 cm). Care has been taken to make the four 
sets of data directly comparable. The same counters and 
geometrical arrangement were used for all measurements. 
The recovery times of the counters were measured at each 
station and corrections were made for the change of 
efficiency of the counters with altitude and with thickness 
of lead. Within experimental error the shape of the curve 
is the same at each of the four elevations. The rate of 
shower production increases very nearly exponentially 
with decreasing barometric pressure, attaining at 44 cm 
of mercury a value 8.5 times that at sea level. 


10. Frequency of Occurrence of Cosmic-Ray Bursts as 
a Function of Altitude and Size of Burst. R. T. Youna, 
Jr.,* Harvard University—Measurements of bursts pro- 
duced in a small ionization chamber (230 cc volume) have 
been carried out at different stations. A comparison is 
made between frequencies of different sized bursts for 
various shielding conditions at Cambridge, Mass. (Bar. 76 
and Mt. Evans, Colo. (Bar. 45). The table gives the ratios 
of frequency between Mt. Evans and Cambridge for six 
thicknesses of lead above the chamber. The bursts were 
divided into three groups of sizes shown in the left-hand 
column. The size of burst is expressed in number of rays, 
based on 80 ions per cm path of ray in air under standard 
conditions. The data show an increasing ratio with in 
creasing burst size. Measurements by C. G. and C, D. 
Montgomery! give the ratio 26.6 between comparable 
stations for all bursts greater than 40 rays. Counter 
measurements? give the ratio 8.5 for frequency of occur- 
rence of showers. Since the size of the average shower 
recorded by counter apparatus is 3-4 rays,’ the data given 
in the table cover the range between showers as recorded 
by counters and large bursts recorded in chambers. One 
may conclude that counter and ionization chamber 
measurements are in agreement when the size of shower 
is considered. 
* Now at Worcester Polytechnic Institute 
1C. G. and C. D. Montgomery, Phys. Rev. 47, 429 (1935 


> R. H. Woodward, Abstract 9, present meeting 
J. C. Street and E. C. Stevenson, Abstract 7, present meeting. 
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11. Automatic Coincidence Counter Measurements on 
Shipboard of the Cosmic-Ray Latitude Effect. THomas 
H. JoHNSON AND Donatp N. Reap, Bartol Research 
Foundation of the Franklin Institute—In order to investi- 
gate latitude effects of cosmic rays from single directions 
and thus to bring out details of the phenomenon remaining 
obscure in the directionally averaged results of the ioniza- 
tion chamber, coincidence counters have been adapted for 
automatic recording of cosmic-ray intensities on shipboard. 
Power, supplied from the ship’s dynamo, is stabilized as to 
voltage; the apparatus is leveled on gimbals; coincidence 
recording dials, barometer, compass, thermometer, volt- 
meters, and clock are photographed automatically at 
hourly intervals. The length of an unattended voyage, 
limited by the size of the film casette, is 67 days. A recent 
voyage on the sun deck of the S.S. Santa Barbara from 
New York to Valparaiso showed a latitude effect of 20 
percent for vertical rays with the minimum occurring 
somewhat north of the geomagnetic equator. Counter 
trains inclined 45° from the vertical showed a greater 
latitude effect on the eastern than on the western side of 
the meridian, the difference agreeing with the equatorial 
asymmetry of 10 to 15 percent. Shower intensities recorded 
with an out-of-line arrangement surmounted by a lead 
plate showed a latitude effect of about 7 percent with the 
high ‘‘plateau”’ persisting to lower latitudes than in the 
case of the vertical intensities. Present results are prelimi- 
nary to a more thorough investigation. This work is 
supported by the Carnegie Institution of Washington. 


12. Characteristic Alpha-Ray Tracks in Infected Photo- 
graphic Emulsions. T. R. Wi_kins, University of Rochester. 

Special photographic emulsions have been ‘‘infected” 
with drops of solutions of radium and its products and 
others with the thorium active deposit. The alpha-rays 
corresponding to the remaining members of the two series 
then leave tracks which in the developed plates appear as 
rows of grains proportional in number to the air ranges of 
the various alpha-rays. A method of stereomicropho- 
tography and a special stereoscope have been developed 
which make it possible to examine these tracks stereo- 
scopically and to measure the angle between any two of the 
rays ejected by the products of a single atom. The over-all 
magnifications of the microscope and stereoscope are easily 
arranged to equal the stopping power of the emulsion 
(about 1200). In the radium plates the radium C’ track, 
easily recognized by its length (30 grains), has not been 
observed alone but seems to be accompanied by a track of 
about 20 grains in length making a characteristic angle of 
110° with it. A pair (each track of 13 grains with an angle 
of about 170°) seems to occur fairly frequently and in the 
thorium plates characteristic groups have also been found. 
The difficulties of interpretation will be discussed. 


13. A Model of Motion. Joun Q. STEWart, Princeton 
University.—Preliminary applications of general statistical 
method of ‘‘controlled loading”’ (described at the Christmas 
meeting Am. Astron. Soc.).—From the classical equation 
mi= F—force F an assigned function of ¢, x, z, with 
arbitrary initial values—find, stepwise, # at constant 
intervals ¢ of time. At each step, chance selection of an 


indicator from among r+s (constant number equally, 
probable indicators—r (variable) ‘‘plus,” s (variable 
‘“‘minus’’—determines displacement Ax restricted to) +x 
another constant: and x/t=c. Expectation (r—x)/(r+s) 
=p—q=i/c. Let #1 determine sign changes for indicators. 
Identify r+s with ‘‘rest mass’ m divided by ™, a third 
constant. Path, x a function of ¢, so found for 1/1 steps is 
for only one ‘‘element’’ m. A particle’s path is m/m such, 
averaged. (Further study necessary of the averaging, 
and role of (1—#*/c?)=1/k?=4pq). Standard deviation 
in x after t/t steps for a swarm of m/m elements is 
2 pq(t/t)x?/(m/m)}, or (4pght/m): h=mx*/t. With ve- 
locity small ~, g=} nearly, and de Broglie wave-length, 
h/mz, evidently develops as that expectation zt of advance 
which just exceeds the deviation. Classical motion is limit 
when m is large. Velocily addition theorem of special rela- 
livity, u=(v+u')/(1+vu'/c*?) develops when two inde- 
pendent motions, u/c=p—q, u’'/c=p’—q’, drive a third, 
u/c=P—(Q (p, q, etc., being probabilities of advance, 
recession, respectively, by x at every t; p+q=1). Then, 
plausibly, P=pp’/(pp’+aq'), Q=aq'/(pp’ +a’). If u, v 
are independent and w’ driven, subtraction theorem is 
b’=qP/(pQ+¢P), ¢g'=~p2/(p0+¢P). When particle is 
charged, classical term —2(e?/3c*)¥° is added to m# above, 
corresponding to use also, at each step, of a second analo- 
gous random selection; with r2+s.=(e/2)?, and # related 


to (%e— S2)/ (727 S2). 


14. Quantum Electrodynamics of Crystals. W. SHOcK- 
LEY, Massachusetts Institute of Technology.—Ilt is found 
that a good solution to the problem of the interaction of 
quantized radiation and a crystal can be obtained. The 
electronic states of the crystal are represented by determi- 
nantal wave functions in which the one-electron wave 
functions are the solutions of a Schrédinger equation in a 
periodic field. Both the electronic wave functions and the 
expansion functions of the electromagnetic field are taken 
to satisfy periodic boundary conditions on the surface of 
a large box. If the excited states are represented by suitable 
linear combinations, rather than by single determinants, 
the matrix of the Hamiltonian for the combined systems 
is just that of a system of coupled oscillators, each band 
to band transition of the electrons furnishing a continuum 
of oscillators. The eigenvalues are readily found (by solving 
the classical problem) and the questions of coherence and 
index of refraction can be discussed after the manner of 
Wentzel.' The value of ¢ is that given by Wilson.* 


G. Wentzel, Helv. Phys. Acta 6, 89 (1933) 

? A. H. Wilson, Proc. Roy. Soc. A151, 274 (1935 

15. On the Quantum Theoretical Treatment of Ionic 
Crystals. DouGtas H. EWING AND FREDERICK SEITZ, 
University of Rochester —Up to this time, there has been 
no attempt made to solve the Hartree or the Fock-Slater 
system of equations self-consistently for ionic crystals. 
A start on this is now being made for the case of LiF, 
following the general plan of the work of Wigner and Seitz. 
It is found that none of the electrons, aside from the 1s 
retain the form possessed in the free atoms of either Li 
or F, so that the eight additional electrons per LiF molecule 
must be handled alike in the self-consistent equations of 
the solid. A second-approximation solution of these, 
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which is to be improved later, indicates that at least forty 
percent of the charge of one electron remains about the 
Li ion, so that the classical picture of complete ionization 


seems to be appreciably in error 


16. Tabulation and Study of the Energy Levels of 
the Asymmetrical Rotator. Enos E. WitMeEr, University 
of Pennsylvania.—In a previous abstract! the writer gave 
the following formula for the energy levels of the asym 


metrical rotator: 
E=(h?/8x*)J(J+1){a+(c—a)r(s in, J)}. 


Here s=(b—c)/(a—c) and a, } and ¢ are the reciprocals 
of the principal moments of inertia with a>b>c. J is 
the total angular momentum in Bohr units and » is the 
second quantum number. The ranges of s and r are 
between 0 and 1. The values of r have been computed to 
eight decimal places for the values of s given by s=0.1m 
where m is any permissible integer and for all possible 
values of » and J for /=8. It is intended to carry the 
table up to J=15 and to use all values of s given by the 
formula s=0.05m where m is any integer. The computed 
values of + have been studied in the light of the corre- 
spondence principle and certain empirical formulas ob- 
tained. 


1 Enos E. Witmer, Phys. Rev. 47, 340 (1935). 


17. Potential Curves of LiH and LiD. F. H. Craw- 
FORD AND T. JORGENSEN, JR., Harvard University. 
A re-examination of the wave equation for a diatomic 
molecule by Van Vleck! has indicated four types of energy 
terms usually neglected. These are due to interaction of 
(1) vibration and rotation, (2) electronic and nuclear 
motions, electronic levels whose A-values (3) differ by +1 
and (4) are the same. Now unfortunately effects (3) and 
(4) require a more or less complete knowledge of the 
electronic structure of the molecule in question for their 
estimation while effect (2) has not thus far been evaluated 
in sufficient detail for purposes of computation. On the 
assumption that these effects are approximately inde- 
pendent we have discussed effect (1) in detail. Using the 
15 equations given by Dunham it is possible by successive 
approximations to deduce values of the coefficients a), Gs, 
etc., in the expression for the potential energy of a diatomic 
molecule: 

V = do8*(1+a,£ +028 +438 +a,yi'+ - -- 
The results for LiH and LiD are practically identical. 


For LiD we have 


STATE a a a a4 a ae 
Ground '= —1.858 +2.58 3.45 + 5.79 —12.2 20.7 
Excited !Z —0.869 +6.74 11.23 +28.6 = --—60.0 


Potential curves of LiH and LiD, The constants in the 
ground state increase almost linearly in absolute magnitude 
with the subscript while the rather striking variation from 
this for the excited state represents quite satisfactorily 
the well-known anomalies in the molecular constants of 
the LiH and LiD molecules. 


1 Van Vleck, Bull. Am. Phys. Soc. 10, No. 7 (1935). 


18. The Image Force in Quantum Mechanics. JOHN 
BARDEEN, Harvard University—According to classical 
theory, an electron at a distance x from the surface of a 
plane conductor is attracted toward the surface by the 
image force, e?/4x*. It is shown that the same result follows 
from quantum theory as a consequence of the interaction 
of the given electron with the electrons of the conductor 
if the following conditions are fulfilled: (1) The electrostatic 
potential in the interior of the conductor is constant; 
(2) x is large compared with atomic dimensions; (3) ex 
change forces and (4) effects connected with the finite size 
of the conductor may be neglected. 

19. An Upper Limit to Electron-Neutron Interaction. 
E. U. Connon, Princeton University —Phenomenologically 
there is always the possibility of there being an interaction 
energy between electrons and neutrons. If we assume 
short range (compared with 10~"* cm) forces, this will give 
rise to a large cross section for scattering of thermal energy 
neutrons by the electron cloud of an atom, unless the forces 
are extremely weak. For such iow neutron energies there 
will be no possibility of excitation of electronic levels of 
the atoms so the electron cloud will behave like a rigid 
distribution giving a weak long range force between 
electron and atom because of the smearing out of the 
electron distribution. However, if such an effect contributed 
in large measure to the slow neutron scattering cross 
sections, the effect would be the same for different isotopes 
of the same element and would go roughly as Z? where Z 
is the atomic number. This is contrary to the facts so if 
we assume that the contribution of electron-neutron 
interaction to the slow neutron scattering cross section is 
less than 107** cm? in hydrogen we may conclude that 
K <30mc*(e?/mc?)’ where the interaction law is assumed 
to be of the form Aé(x1—x2)5(yi1—y2)5(21—22), where the 
neutron’s coordinates are x;, ¥i, 2; and those of an electron 
are X2, Yo, Ze. 

20. Must Neutron-Neutron Forces Exist in the H,' 
Nucleus? R. D. Present, Purdue University. (Introduced 
by K. Lark-Horovitz.)—In order to answer this question 
a precise calculation has been made with a Wigner po 
tential for neutron-proton interaction of explicit form 
Ae~*’, which solves the two-body problem exactly. The 
wave function for H,’® is expanded in terms of an expo- 
nential times a power series in the interparticle distances 
with coefficients to be determined by the Ritz-Hylleraas 
method. When 1/a@ is chosen as 10-" cm an energy of 
—9.5mc? is obtained with an eight term function; the 
convergence is rapid and the eigenvalue may be estimated 
to occur at —9.6+0.1mc*. If a and 6 refer to two calcula- 
tions made on H,' with the same potential but different 
wave functions and if E, and E, are close to the eigenvalue 
E, then it follows simply that E=(E,+E,)/2SWevsdr. 
Taking Massey and Mohr’s calculations (a), which give 
about —9mc?, and our own (b), we obtain another estimate 
for the lower limit. A saturation-type operator must give 
a higher energy; also our potential well is probably too 
narrow and our energy therefore too low. We have thus 
found an upper limit for the binding energy of H,’ using 
only proton-neutron forces, and a lower limit for direct 
neutron-neutron interaction (6.5mc?). 
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21. On Neutron-Proton Exchange Interaction. MILTON 
S. PLESSE T, Rochester. 
coordinate exchange interaction the difficulties with the 


University of In the Majorana 
incorrect behavior of the center of mass and the lack of 
invariance for Galilean transformations are very clearly 
brought out by considering the interaction in terms of 
momentum variables. It is apparent in the momentum 
representation that these difficulties all arise from the 
fact that the matrix elements of the Majorana interaction 
depend explicitly on the total momentum of a neutron- 
proton pair; these matrix elements have in general the form 
f(p+p’+P(m:—mz)/(m,+m,.))i(P—P’), where P is the 
total momentum of a neutron and a proton, and p is their 
relative momentum. The flaw in the Majorana interaction 
may readily be eliminated by modifying the interaction. 
Although, as Breit and Wigner have remarked, such a 
modification leads to a complicated result when expressed 
in terms of positional coordinates, it is of interest to note 
that (with 
equal to mz.) has essentially the same degree of simplicity 


the modified interaction m, not necessarily 
in the momentum representation as the original Majorana 


interaction (with m,=my). 


22. The Sign of the Magnetic Moment of the Deuteron. 
J. M. B. Kettoce, I. I. Rast anp J. R. ZACHARIAs, 
Columbia University—We have applied to deuterium the 
method of nonadiabatic transitions in an atomic beam 
which was previously (reported at the St. Louis meeting 
last December) utilized to ascertain that the sign of the 
magnetic moment of the proton is positive. The experi- 
that the h.f.s. doublet of the lowest 
The 


moment of the deuteron is therefore positive. We wish to 


mental results show 


state of the deuterium atom is normal. magnet i 


acknowledge the aid given these researches by a grant 
from the Carnegie Institution of Washington. 
23. A Cyclotron Electromagnet. M. C. HENDERSON AND 


M. G. Wate (National Fellow), Princeton 
University.—A brief description will be given of the electro- 


Research 


magnet being built at Princeton for use as a ‘‘Magnetic 
Resonance Ion Accelerator’? as developed by Lawrence 
and Livingston. A small model (1/10 scale) enabled many 
variations of pole shape and of yoke to be tried. As shown 
by the model, the final design should produce a field of 
19,000 gauss in a four-inch gap between 35-inch poles, 
with an excitation of 30,000 ampere turns per cm of gap. 
The total weight of steel is 42 tons, a considerable saving 
over the amount used in converted Poulsen arc magnets. 
The poles are tapered slightly, following a rough ogive 
curve, from a core of 40 inches to a pole tip diameter of 
35 inches. Fields in the gap up to the saturation point of 
the steel may thus be attained. Since this magnet is to be 
used for ions of mass 2 and 3 as well as for protons, the 
high field will be useful. Using electrodes with a 15-inch 
radius, this magnet should furnish 11,000,000-volt deu- 
terons at 17,800 gauss. Enough copper has been used in 
the windings (over 8 tons) to keep the power bill low and 
to simplify the cooling problem. 40 kw should give 19,000 
gauss; 10 kw, 15,000 gauss. 


P 


-The observation by B. 


24. Mass Spectrograph Analysis of Bromine. J. 
BLewett, Princeton University. 
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and |. Kourtchatow, Myssowsky and Roussinow! of three 
periods of radioactive decay for the products of disintegra 
tion of bromine by slow neutrons suggests the presence of 
an isotope of mass 77 or 83 in addition to the known iso- 
topes of masses 79 and 81. A mass spectrograph analysis 
shows that neither isotope is present to more than one 
part in 2000. Assuming that no other isotope is present, 
the isotopic constitution of bromine was observed to be 
ot 79 49.4+0.6 ol 
mass 81, giving an atomic weight of 79.90+0.02, to be 


50.6+0.6 percent mass to percent 
compared with the accepted value of 79.916. Appearance 
potentials of the ions Br*, Br2*, and Br** were observed 
at 13.7+0.5, 13.0+0.5, and 39.5+1.0 volts, respectively. 
With the known ionization potential of atomic bromine, 
this appearance potential of Br* gives a heat of dissociation 
of 1.9 volts for Bre, in good agreement with the value of 
1.96 deduced from the molecular spectrum. Large negative 
and Bre 


energy 


ion peaks appeared, both of Br Che curve of 
Br~ peak vs. electron 
volts. A 


energy of these ions gave 2.3 volts, whence the electron 


shows a sharp 
the 


height of 


maximum at 2.8 measurement of kinetic 


2 


affinity of Br~ may be calculated to be 3.8 volts. 


1 ¢ onietee rendus 200, 1201 (1935). 

25. Magnetic Spectrum of Positrons Generated in 
Silver and Lead by Gamma-Rays from Ra C. G. L 
LOCHER AND C. L. Harnes, Barlol Research Foundation of 
the Franklin Institute. 
made with silver and lead as positron-generating elements, 
8O Ms-Th,+20 


percent Ra, and (b) Ra, only, show that: (1) The upper 


-Comparison of four spectrograms, 


and gamma-ray sources of (a) percent 
energy limit of the positrons is the same for both sources, 
and is between 1,11 and 1.115 MEV, showing that the 
limit previously ascribed to Th C” gamma-rays! is due to 
the radium contamination of the Ms-Th, source; (2) the 
energy limit is the same for lead as for silver, with either 
gamma-ray source, but different distributions of density 
of blackening with energy are found for lead and silver; 
3) with lead as the generating element, no intermediate 
lines appeared; with silver as the generating element, about 
five faint lines appear at energies between 0.069 and 
0.598 MEV, with source (a), 


with energies between 0.315 and 1.09 MEV, with source 


and about four faint lines, 
(b). Assuming the simple transformation process hye, 
+e_+K.E., the observed upper energy limit of the posi 
trons is lower than that expected, by an amount somewhat 
greater than the error of measurement, if we assume that 
the reputed wave-lengths of Ra C gamma-rays are correct. 
No reasonable correlation between the positron lines from 
silver and known gamma-ray lines from Ra C is found 
The results of an exposure being made with a Ta generator 
and Ra C gamma-rays will be available for the meeting. 
This should show whether the positron lines found are 
characteristic of the gamma-ray source only, or involve 


the nuclear constitution of the positron generator. 


Phys. Rev. 49, 198A (1936 

26. Disintegration of Sulphur by Thorium C’ Alpha- 
Particles. C. J. BRASEFIELD AND E. PoLiarpb, Yale 
University.—We have detected protons when sulphur was 
bombarded with alpha-particles from Thorium C’. These are 
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probably due to the reaction: ,Het+ ,,S**—>,;Cl®™+ ,H'+Q. 
rhe protons which are ejected at right angles to the inci- 
dent alpha-particles appear in three groups at ranges of 24, 
32 and 38-cm air equivalent. The relative yields in the 
groups are respectively 5 : 4:1. The values of the trans- 
mutation energy change Q corresponding to each range are 
—3.6, —2.85 and —2.35 MEV, respectively. These Q 
values are in good agreement with similar values reported 
recently by Haxel. The ranges of protons ejected in the 
same direction as the incident alpha-particles were also 
measured, Only the longest range group appears unmasked 
by natural protons. This has a range of 46 cm of air per- 
mitting a more accurate determination of the corresponding 
Q value, namely, —2.4+0.2 MEV. When this is converted 
to mass units and substituted in the above equation, the 
resulting mass of ;.5** is 31.9817+0.0016. 


27. Scattering of Slow Neutrons. ALLAN C. G. Mitcu- 
ELL AND EpGAR J. Murpuy, New York University, Uni- 
using the method previously de- 


versity Heights —By 
from sixteen 


scribed,' the scattering of slow 
different metals has been investigated. Employing the 
radioactivity induced in silver as a detector, it was found 
that the scattering cross section exhibited by most of the 
metals examined, with the exception of Ag, Hg, and Cd, 
is approximately the same as that found in absorption 
measurements. This indicates that the absorption coeffi- 
cient of these metals is due largely to scattering rather 
than to capture. With the metals Ag, Hg, and Cd, the total 
scattering is small while from absorption data large cross 
sections were found. The present results indicate that the 
large cross sections are due to capture and that no anom- 
alously large scattering cross sections exist for these 
elements. Measurements on the scattering by the same 
series of elements using, however, indium and rhodium 
detectors showed differences in the percent scattering 
attributable to the detector used. 


neutrons 


‘4. © G. Mitchell and E. J. Murphy, Phys. Rev. 48, 653 (1935) 

28. Temperature Effect with Selected Groups of Slow 
Neutrons. F. RASETTI AND GEORGE A. FINK, Columbia 
University —Fermi and Amaldi, and Szilard, have shown 
that slow neutrons filtered through cadmium are still 
strongly absorbed in silver, rhodium, indium, iridium and 
other elements. We have investigated how the number of 
neutrons in certain groups depends upon the temperature 
of the paraffin through which the neutrons come, using an 
arrangement like that of Moon and Tillman, the cold 
paraffin layer being 1 cm thick. The results are given in 
the table. The three facts, that silver activation by un- 
filtered slow neutrons shows a temperature effect, that 
with Cd filtered neutrons there is practically no such effect, 


activity AT 90°K — Perwi-AMALDI 


DETECTOR FILTER ACTIVITY AT 300°K GROUP 
(g/cm?) 

Mn (150 min.) 0.47 1.26 mainly group C 
Cu (5 min.) 0.37 1.38 mainly group C 
Ag (22 sec.) 0.06 _— 1.25 mainly group C 
Ag (22 sec.) 0.06 Cd 0.4 1.04 mainly group A 
Ag (22 sec.) 0.25 Ag 0.56 1.05 

Rh (44 sec.) 0.33 Cd 0.4 1.08 mainly group D 
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and that cadmium absorbs strongly throughout the thermal 
velocity range, indicate that silver absorbs strongly in 
two velocity regions, one at low thermal velocities and 
another in the Cd residual region above thermal velocities. 
Similarly for rhodium. 


29. Slow Neutron Production and Absorption. G. A. 
Fink, J. R. DUNNING AND G. B. PEGRAM, Columbia Uni- 
versity.—Theé slowing down and absorption of neutrons in 
successive cylindrical layers of water has been studied. 
The rate of absorption is found to be about 0.3 cm™. 
Estimates of the total neutron yield from Rn-Be sources 
based on the rates of production at different radii and a Li 
ion chamber detection efficiency of about 1 percent give 
about 10,000/sec./cm, or one neutron for about 10,000 
alpha-particles. To determine whether the absorption in 
paraffin (or water) is due to capture by H or C (or O) a 
bare source, and then the same source inside of a 12 cm 
diameter paraffin sphere, was surrounded by carbon in 
cylinders of 22 and 30 cm in diameter. The results show 


absorption in 


room temperature, any 


that, at least at 
carbon is more than compensated for by slow neutrons 
produced in the carbon. The slowing down of neutrons 
was further investigated by surrounding a Rn-Be source 
with Al, Pb, SiO, and Cu. These materials reduce by 15 
to 40 percent the number of fast neutrons (velocities high 
enough to be detected by projected protons).' The number 
of neutrons of intermediate velocities is increased and 


some of the neutrons are slowed down to thermal velocities. 


‘J. R. Dunning, G. B. Pegram, G. A. Fink and D. P. Mitchell, 
Phys. Rev. 48, 265 (1935). 
30. Capture of Slow Neutrons. E. WIGNER AND G. 


Breit, Princeton University and Institule for Advanced 
Study.—Current theories of the large cross sections of slow 
neutrons are contradicted by frequent absence of strong 
scattering in good absorbers as well as the existence of 
resonance bands. These facts can be accounted for by 
supposing that in addition to the usual effect there exist 
transitions to virtual excitation states of the nucleus. 
Radiation damping due to the emission of y-rays broadens 
resonance and reduces scattering in comparison with 
absorption by a large factor. Interaction with the nucleus 
is most probable through the S part of the incident wave. 
The higher the resonance region the smaller will be the 
absorption. For a resonance region at 50 volts the cross 
section at resonance may be as high as 10-* cm?® and 
0.5<10-°° cm*? at thermal energy. The estimated prob- 
ability of having a nuclear level in the low energy region is 
sufficiently high to make the explanation reasonable. 
Temperature effects and absorption of filtered radiation 
point to an energy order of bands from Cd to I which can 
be reconciled with the observed capture cross sections. 


31. The Effect of Absorbed Hydrogen on the Magnetic 
Susceptibility of Manganese. Mary A. WHEELER, Vassar 
College.—Manganese which had been purified by distilla- 
tion was heated in hydrogen at various temperatures. The 
temperature was decreased to 


susceptibility at room 


9.28 (10)-* from a normal value of 9.60 (10)-* when the 
absorption took place at 400°C, a temperature at which the 
alpha form is stable. When the hydrogen was absorbed in 
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the beta form at 850°C the susceptibility became 9.36 (10)~*. 
rhe decreased susceptibility can be due to the adsorption of 
diamagnetic hydrogen. However, when the hydrogen was 
absorbed by the gamma form at 1220°C or by melted 
manganese the susceptibility was increased to 10.42 (10)~* 
10.00 (10)-*. While alpha- and beta-manganese are 
complicated cubic structures, gamma is a simple face- 
centered tetragonal form. Thus in gamma-manganese the 
hydrogen is probably inserted interstitially and increases 


and 


the lattice constant. This could cause a narrowing of the 
energy bands of the collective electrons and an increase of 
the susceptibility. No trace of ferromagnetism was found. 


32. A Flux Balance for the Measurement of Magnetic 
Susceptibilities in Alternating Fields of Low Intensity. 
L. G. Hector anv G. R. Ecxstern, University of Buffalo. 
This magnetic flux balance consists of two primary and one 
secondary coils arranged along a common axis. The two 
primary coils are identical but are connected so that their 
fields are opposed to one another. The secondary coil is 
placed between the two primary coils. When it is located 
symmetrically no resultant e.m.f. will be developed 
between its terminals when alternating current exists in the 
primaries. The magnetic specimen to be measured is 
inserted into the system so that it changes unequally the 
mutual inductances of the secondary with respect to the 
two primary sections. The e.m.f. developed across the 
secondary is measured with the aid of an amplifier having a 
voltage gain of approximately 10°. Susceptibilities of a 
number of paramagnetic substances have been measured 
at frequencies ranging from 60 to 5000 cycles per second in 
fields of 16 oersteds and less. The sensitivity of the balance 
is comparable to that ordinarily obtained with intense 
fields by classical methods. A second balance similar in 
appearance and operation to the flux balance just described 
but depending on opposed windings in the secondary coil 
with aiding fields from the primary sections has also been 


developed for similar types of measurement. 


33. Measurement of Transition Points of Electrolytic 
Iron by Hydrogen Diffusion. W. R. Ham, Pennsylvania 
State College ——The diffusion of hydrogen through iron is 
modified at the transition points. In the regions where the 
iron may be regarded as homogeneous, i.e., between 400 
and 700°, the diffusion follows the usual formula found by 
many observers, R=Apov%e/7/X, where 6=3750 and 
y=0.5, and the other symbols have their usual significance.* 
Between 770° and 840°C a similar relation holds but with 
different constants, as is also the case between 848° and 
900°, and 900° and 954°C. In other words, the a-8 and 
8-y transitions seem to be members of a system, con 
verging with rising temperature. The transition at 900 
from body-centered to face-centered results in a large 
change in diffusion rate. This break is very abrupt and 
independent of hydrogen concentrations corresponding to 
impressed pressures of H, between 73 cm and 10 cm of Hg. 
This independence of hydrogen concentration has previ- 
ously been found to be the case for the magnetic transfor- 
mation regions of iron and nickel. Consequently, hydrogen 
diffusion furnishes a very sensitive and accurate means of 
determination of such points or regions. 


1936). 


* Ham and Sauter, Phys. Rev. 49, 195A 
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34. Dependence of Young’s Modulus for Nickel Upon 
Temperature and Magnetization. SIDNEY SIEGEL, Columbia 
University.—Using the method of the composite piezo- 
electric oscillator,! Young’s modulus and the logarithmic 
decrement for a polycrystalline specimen of 99.7 percent 
pure nickel, 1100°C, 
functions of temperature and intensity of magnetization. 


annealed at were determined as 
Approximately uniform magnetization in the specimen, a 
cylinder 7 cm long, 0.477 cm diameter, was obtained by the 
use of specially designed coils. Heat resistant insulation 
was used throughout to enable the entire set-up to be 
placed in an oven and raised to 400°C. A simple recording 
galvanometer system recorded a complete resonance curve 
for the composite oscillator in four seconds. For magnetiza- 
tions up to J/Jsa,=0.5, the change of Young’s modulus 
AE was found to obey a law of the form given by AE/E 
=k(J/ Isat) 
total change of the modulus from the demagnetized state 


2, in agreement with a theory of Akulov.? The 


to the saturated state is 6.7 percent at 23°, reaches a 


maximum of 18.7 percent at 185°, and decreases to zero at 
the Curie point, 353°. The curve for Young’s modulus vs. 
temperature, in the saturated state, is smooth except for a 
decreases with 


change in slope at 353°. The decrement 


magnetization at all temperatures below 353°. The value of 
below the Curie 
1.5x10°%. In the 


5<10-* at room 
2 at 180°, and 


the decrement in the saturated state 
point, and its value above 353°, is 
demagnetized state, the decrement is 
temperature, reaches a maximum of 1010 
decreases to 1.5107 at 353°. 

Zacharias, Phys. Rev. 44, 116 (1933 

2 Akulov and Kondorsky, Zeits. f. Physik 85, 661 


1933). 

35. Further Experiments on Metallic Conduction. Ernst 
WEBER, Polytechnic Institute of Brooklyn —The experi- 
ments previously described! have been continued. The 
distribution of large d.c. currents in a flat copper conductor 
in a strong magnetic field perpendicular to the flow of 
current is investigated, and its relation sought with the 
experiments of Kapitza on the increase of resistance in a 


magnetic field. 

1 Phys. Rev. 44, 318 (1933); 45, 740 (1934 

36. The Electro-Optical Kerr Effect in Methane, Ethyl- 
ene and Ethane. WILLIAM M. BREAZEALE,* Vanderbilt 
Universitiy.—In continuation of the work previously re- 
ported by the author! the Kerr effect has been measured in 
three hydrocarbons, methane, ethylene and ethane, under 
The from 30 to 100 
atmospheres and the temperatures from 15° to 55°C. The 


wave-length in all cases was 6500A. With the aid of the 


pressure. pressures used ranged 


Lorentz-Lorenz relation the measurements were reduced to 
N. P. T. and 6500A 
constant B thus obtained are, for methane 3.66 x 10-", for 
ethylene 16.3 X10~"*, and for ethane 10.9 10-", 


The absolute values for the Kerr 


* The experimental work for this paper was performed at the Rouss 
Physical Laboratory, University of Virginia 
Phys. Rev. 48, 237 (1935 


37. The Use of Light Metal Rotors for the Ultracentri- 
fuge. J. Biscor, Rockefeller Institute for Medical Research 
The existing ultracentrifuges' use rotors of heat-treated 
steels. Steel rotors of large size (diameter=ca. 7 inches) 
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such as are needed for accurate measurements are costly 
and very destructive to the rest of the apparatus when they 
fail. Experiments have consequently been made to find out 
whether any light metal alloys could be used. The driving 
mechanism for the rotors turning in vacuum was essentially 
that of Beams and Pickels.* Calculations and experimental 
determinations have been made of the bursting speeds of 
rotors of various sizes and shapes made from alloys 
obtained from the Aluminum Company of America and the 
Dow Chemical Company. In all experiments the rotors 
were drilled for ultracentrifuge cells of 
dummy cells of equal weight were used in all runs. On the 


standard size; 
basis of the observed bursting speeds other rotors were run 
for several hours at 100 r.p.s. and for longer times at 150 
and 200 r.p.s. below bursting speed to ascertain the amount 
of permanent stretch under such conditions. On the basis of 
these results a practical light metal rotor seven inches in 
diameter has been designed. It can be used apparently 
indefinitely at 50,000 r.p.m. and for a limited period at 
ca. 54,000 r.p.m. At the lower speed the gravitational field 
at the center of the cell (6.50 cm from the axis) is 180,000, 
at the higher speed it is 210,000 times the earth’s field. For 
greater fields with so large a rotor steel must be employed. 


‘T. Svedberg, Naturwiss. 22, 225 (1934); J 
O'Sullivan, J. Am. Chem. Soc. 57, 2631 (1935) 
2 J. W. Beams and E. G. Pickels, Rev. Sci. Inst. 6, 299 (1935 


W. McBain and C. M 


38. An Ultracentrifuge for Gases and Vapors. J. W 
BEAMS AND F. B. Haynes, University of Virginia.—The 
method! of spinning rotors at high speed in a vacuum or in 
gases at various pressures has been utilized in the develop- 
ment of a gas centrifuge. The rotor, which has a triangular 
horizontal cross section, spins in a chamber at reduced 
pressure. Gas enters the spinning rotor through openings in 
its periphery and is pumped out of its center through a tube 
fastened to the rotor. This tube extends down along the axis 
of the rotor through a vacuum tight seal so that the lighter 
fractions of the gas are collected in a separate chamber. The 
holes in the periphery of the rotor are so directed that only 
molecules with speeds greater than that of the periphery 
can enter. Since the peripheral speed is well above the 
average molecular velocity of most gases or vapors at ordi- 
nary temperatures, the rotor serves as a velocity selector. 
[his separation due to velocity selection and the separation 
due to centrifuging are additive. Preliminary results cn the 
separation of nitrogen from carbon dioxide roughly verify 
the theory of separation and indicate that the apparatus 
may be successfully used for the separation of isotopes. 


1R.S. 1. 6, 299 (1935 


39. The Structure of Ice III. Ronatp L. McFArRLan, 
Harvard University.*—The stability of the high pressure 
ice forms discovered by Tammann and Bridgman at very 
low temperatures and atmospheric pressure has made it 
possible to obtain x-ray diffraction photographs of these 
forms. Since ice III is extracted from the press by taking it 
through the ice II region the precautions taken to avoid 
consequent misinterpretation of the ice III films are given. 
The analysis of the ice III diffraction patterns leads to a 
body-centered orthorhombic structure, and a unit cell of 
dimensions a=10.20A, b=5.87A, and c=7.17A. The unit 


cell contains sixteen molecules, has the symmetry of space 
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group V,°*-Ibam, and leads to a value for the density of 
1.105 g per cc. Each oxygen is surrounded by a distorted 
tetrahedron of oxygen ions in a manner similar to that of 
ice I. An arrangement of the hydrogen atoms is proposed 
which makes the ice III lattice ionic. The volume decrease 
ice III transition is shown to be the result of a 
A simple transition 


in the ice I 
rearrangement of the oxygen ions. 
mechanism is described, which is used to interpret some of 
the phenomena observed by Bridgman. 


* Now at The United Drug Company. 


40. The Widths of the L Series X-Ray Lines and Limit 
of Pb(82). Ross E. SHRADER, Cornell University. (Intro- 
duced by F. K. Richtmyer.)—By means of a precision, two- 
crystal spectrometer of high resolving power, the widths of 
certain L series x-ray lines and the L absorption limits of 
Pb(82) have been measured. Calculations of the widths of 
the WM, N, and O levels have been made by a method 
similar to that used by Richtmyer, Barnes and Ramberg, ! 
on the basis of the theory of Weisskopf and Wigner? on 
natural line breadths. These calculated widths in electron 


volts are as follows: 


L, 11.0 My 4.7 Ny 6.7 
Las 4.6 M, 3.8 O; 9.6 
Lin 5.1 - 12.5 On 
M, 10.5 Ni: 8.9 i 
My 10.8 Nin 8.4 Ons 3.1 
Min re Niy 6.7 O. 2.8 


(These values compare favorably with those obtained for 
Au(79).') The corrected line widths range from 0.41 X.U. 
(for Lys) to 2.26 X.U. (for Li). 


46, 843 (1934 


er, Barnes and Ramberg, Phys. Rev 
1930 


Rict 
Physik 63, 54 


? Weisskopf and Wigner, Zeits. f 





41. Wave-Lengths of Ka X-Ray Satellite Lines for 
Elements S(16) to Ge(32). F. K. RICHTMYER AND L. G 
PARRATT, Cornell University.—Utilizing the high resolving 
power of the two-crystal spectrometer, ionization curves of 
the diagram lines Ka, 2 and of the four Ka satellite lines 
a’, as, a; and a, have been recorded for elements S(16) to 
Ge(32). A new component, a 
present for elements S(16) to Ni(28). For elements S(16 
to V(23) another line a” is observed very close to and on the 
short wave-length side of the a; line. Elements of atomic 
numbers lower than S(16) and higher than Ge(32) have 
not yet been studied. The wave-length positions of the 
resolved satellite components referred to the wave-lengths 
of the Ka;, 2 lines for each element are reported in the 
present paper. The line a;’ is observed to move progressivel} 
and a, lines as the atomic number 
’ satellite 


, between a’ and az, is 


relative to the a 
changes. This suggests the possibility that the a; 
may be of a type different from that of the as, , satellites 
In general no simple relation with atomic number is ob- 
served for the Av intervals between the satellites and the 
a1, 2 lines. The question of which, if either, of the doublet 
lines should be taken as the ‘‘parent” line in calculating the 


Av intervals is discussed. 


G. PARRATT 
the em- 


42. Widths of Ka X-Ray Satellite Lines. L. 
AND F. K. RicutMyer, Cornell Universiiy.—In 
pirical description of x-ray satellite lines several factors 
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may be considered: (1) The excitation potential, (2) wave 


length positions, (3) relative intensities, and (4) widths and 
shapes of the various satellite lines. The authors have 
recently reported the excitation potential,! wave-lengths 
(preceding abstract) and relative intensities? of the Ka 
satellites for elements S(16) to Ge(32). In the present paper 
are discussed the widths of the Ka satellite lines. The 
observed satellite contours are resolved somewhat arbi- 
trarily into the structural components. Partly because of 
this arbitrary resolution and partly because of uncertainties 
in the observed contour, chief of which is the unknown a; 
shape which comprises the satellite background, an error of 
5 to 20 percent may be present in the widths of the satellite 
lines. The Ka satellite lines are from one to three times as 
wide at half-maximum intensity as are the Ka, or a lines. 
In general the widths of these Ka satellites vary with 
atomic number in a manner similar to the variation in the 
widths of the Kaz lines. The theories of satellites have not 
been developed to the point of predicting line widths. 


1L. G. Parratt, Phys. Rev. 49, 132 (1936). See abstract in supple- 
mentary program 
?L. G. Parratt and F. K. Richtmyer, Bull. Am. Phys. Soc 


(1935), Abstract 57 


10, No 


43. A Simple Method for Decreasing Skin Damage in 
High Voltage X-Ray Therapy. G. Faia, Memorial 
Hospital, N. Y. C.—Since biological changes result from the 
ionization produced in living tissue, and since the ionization 
is due to the secondary electrons liberated by the x-rays, it 
follows that the elimination of secondary electrons, were it 
possible, would prevent the biological changes. Secondary 
electrons may be removed from a beam of high voltage 
x-raysinair by means of a magnet and suitable diaphragms. 
The effectiveness of this scheme depends, of course, on the 
range of the secondary electrons. For, if the range is very 
small, the electrons provide their full quota of ions before 
they can be deflected out of the x-ray beam. With gamma- 
rays the problem is relatively simple. If we remember that 
secondary electrons are deflected through large angles in 
traversing matter, it is evident that by suitable canalization 
of the radiation beam and diaphragming, it is possible to 
remove most of the electrons originating in the walls of the 
x-ray tube or filter, without the use of a magnet. The 
advantage of the use of x-ray beams stripped of secondary 
electrons in x-ray therapy is apparent, since the ionization 
in the skin and consequent damage are materially reduced. 
The details of the scheme applicable to x-rays produced at 
voltages above a million volts will be presented. 


44. Experimental Corroboration of the Lower Biological 
Activity of Gamma-Ray Beams Partially Freed of Second- 
ary Electrons. G. H. Twomsry, L. MARINELLI AND G 
FattLa, Memorial Hospital, N. Y. C.—In the treatment of 
cancer with x-rays, the dose of radiation which can be 
delivered to a deep seated tumor is limited by the tolerance 
of the skin. There is reason to believe that the acute 
erythema which limits the possible dose is the result of 
changes occurring within 2 mm or less of the skin surface. 
Since biological changes result from the ionization produced 
in the living tissues by secondary electrons, the removal of 


such electrons from the primary beam at the surface of the 
skin should lessen the ionization produced by the beam 
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to a varying degree depending on the depth and the amount 
of penetration of the skin by the secondary electrons. Ex 
periments performed with ionization chambers and 
drosophila eggs show that, by the removal of a fair pro- 
portion of the beta-particles from a gamma-ray beam either 
by canalization or a magnetic field, the ionization at 1 mm 
below the surface of a substance such as celluloid is ma- 


terially reduced. 


45. Electric Impedance of Marine Eggs. KENNETH S 
H. CoLe rhe alter 


current 


AND ROBERT Columbia University. 


nating resistance and capacity of sea-water 


suspensions of the eggs of the sea-urchins, Hipponée and 
Arbacia, and the common star fish, have been measured at 
frequencies from one thousand to sixteen million cycles 
per second. On the basis of a generalization of the Maxwell 
equation for the resistance of a suspension of spheres, the 
electrical characteristics of several parts of the egg cells 
may be calculated from the data. It is found (1) that the 
capacity of the unfertilized egg membrane is from 0.75 to 
that the 


five 


1.luf/em*, (2) egg interior is not electrically 


homogeneous, about percent of the volume being 


membrane covered material, while the balance has a 


specific resistance of 6-8 times that of sea-water, (3) that on 


fertilization, a membrane having a capacity of 2-3uf/cm?* 
is laid down over the egg surface and separated from it by a 
space a few micra thick which has approximately the 


specific resistance of sea-water. 


46. Some Research on the Adaptation of Physics 
Experiments in Mechanics for the Visually Handicapped. 
P. C. MITCHELL, New York Institute for the Education of 
the Blind. 
of the screw micrometer, by adding a metal disk or a 


-A method for increasing the degree of accuracy 


spiral scale, to make possible the use of Braille figures and 
enlarged divisions for the touch method of taking readings. 
A similar problem met in the use of the vernier caliper by 
means of a triangular scale. Some typical adaptations of 
such experiments as the composition and resolution of 
forces, elasticity and Hooke’s law, the laws of the pen- 
dulum, and simple harmonic motion. One outstanding 
problem presented in an attempt to find a suitable method 
for reading the position of a column of mercury in glass. 
Some possible solutions, by means of the photoelectric 
cell and other devices, applied to Boyle’s law experiment. 
The same problem to be met in developing a convenient 
mercury-in-glass thermometer for experiments in heat. 


47. Electron Motion in a Plasma. E. G. LInDER, RCA 
Manufacturing Co. Inc., Camden, N. J.—An equation for 
electron motion in a plasma is developed which is more 
general than previous ones, in that electron pressure is 
not neglected. The resulting expression is 
d*t/dt?+42ne*/méi = (RT /m)(d*t/dx*), 


where ~ is electron displacement, m electron density, 


T electron gas temperature, and x the equilibrium elec- 
tron position. From this it is found that the possible 
vibration form a series given by 


frequencies of free 


fi =(RT/d\2m+ne*/xm)'. The lower limit corresponds to 


the Tonks-Langmuir value (ne?/xm)*, while the other 


frequencies depend upon the possible standing waves 
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which may exist. If 7=0 the equation reduces to the Tonks 
Langmuir equation; if e=0O (uncharged particles) we get 
the equation for sound wave propagation; and if d&/dt=0, 
the equation yields the Debye-Hiickel expression for the 
variation of potential near a charged plane in a plasma 
under equilibrium conditions. If it is assumed that the 
shortest possible wave-length is a\p, where \p= (kT /4rne*)}, 
the ‘‘Debye distance,”’ and a@ is a small numerical factor, 
which according to Langmuir is 3.31, the above theory is 
found to agree better with the experimentally found 
relation between f and m than the simpler theory, which 


neglects electron pressure. 


48. Secondary Electron Emission from a Hot Nickel 
Target Due to Bombardment by Hydrogen Ions. Monica 
HeaLea, Radcliffe College, AND E, L. CHAFFEE, Harvard 
University —A hot nickel target was bombarded by hy- 
drogen molecular ions to determine the number of second- 
ary electrons emitted per positive ion at various voltages. 
The method used was that of Oliphant.' The ions were 
drawn from a discharge, collimated by a narrow canal, 
bent by an electric field, and allowed to impinge on the 
hot target. The latter was surrounded by a platinized bulb 
which served as the collector for the electrons. After the 
target had been kept hot for six weeks values consistent 
among themselves could be obtained. The number of 
electrons elicited from the target per positive ion varied 
from 0.046 at 303 electron volts to 0.223 at 1539 electron 
volts ion energy. 


'M. L. E. Oliphant and P. B. Moon, Proc. Roy. Soc. A127, 373 
(1930). 


49. Influence of Electron Reflection on Photoelectric 
Emission. W. B. NottiNGHAM, Massachusetts Institute of 
Technology.—Electrons emitted thermionically from tung- 
sten and thoriated tungsten filaments are distributed in 
energy as though they suffered a reflection at the barrier 
given by R(p,) =exp(—p,2/2mw) where w=3.05 K 10- erg 
and ~,=momentum in excess of that required to go over 
the barrier! DuBridge and others have shown that 
Fowler’s photoelectric theory which assumes reflection 
constant (or zero) fits the experimental data. The above 
reflection may be incorporated into the theory. The new 
function is nearly identical in form with the Fowler curve 
over the experimental range. If we assume the reflection 
hypothesis to be correct, all previous determinations of 
photoelectric work functions are too high by an amount 
given approximately by A¢=8+0.138T—5 10-7? milli- 
volts. Whereas the Fowler analysis gives work functions 
for clean surfaces practically independent of the tempera- 
ture, the new method when applied to DuBridge’s data on 
palladium yieids a negative temperature coefficient of the 
work function of (4.5+1)X10~ volt per degree. This is 
consistent with a thermionic constant A of 60 amp. per 
cm* per deg.*, if we assume that only 40 percent of the 
apparent surface emits, as is thought to be the case for 
pure tungsten, and include the effect of reflection. 


1W. B. Nottingham, Phys. Rev. 49. 78 (1936), 





50. Concentration of Arc Current in a Thyratron. K. H. 
KINGDON AND E, J. Lawton, General Electric Company.— 
In most mercury thyratrons the arc glow appears to fill the 
space between the electrodes uniformly. If, however, the 
glow be examined with a slit and rotating mirror whose 
axes are perpendicular to the direction of current flow, it 
will be found that the apparently uniform discharge really 
consists of a concentrated current streamer which is in 
very rapid motion around the outer portions of the elec- 
trodes. The velocity of the streamer perpendicular to the 
direction of current flow usually lies between 10* and 10° 
cm per sec. This velocity increases with the arc current 
(15 to 150 amperes) and decreases as the mercury pressure 
is raised (1 to 25 microns). Streamers may occur whenever 
the arc passes through a constriction such as a grid hole, or 
a hole in the cathode heat shield. The arc apparently finds 
it easier to concentrate in one or two holes at any instant 
than to use all the holes simultaneously. After leaving the 
hole, the streamer is probably held together by the electro- 
static force due to a slight excess positive space charge. 
The motion of the streamer is due to the expulsion of gas 
molecules and ions from the streamer. 


51. Statistical Fluctuations in Multiple Space Charge. 
E. W. THATCHER AND H. S. Howe, Union College.—A 
double grid vacuum tube may be operated in such a 
manner that the plate current-emission characteristic shows 
two horizontal tangents and a region of negative slope. 
This behavior has been interpreted as a consequence of 
multiple space charge.! Statistical fluctuations in the anode 
current have been studied with a view to testing the 
applicability of Llewellyn’s equation,? V,2=(0/,/d/.)?V?, 
to these conditions. The two regions of zero mean square 
shot voltage predicted by static characteristics have not 
been observed. A peak value correlated with the maximum 
negative slope is in general larger than indicated by the 
relation given. Another peak consistently recorded is under 
conditions approaching temperature limitation and is in 
essential agreement with theory. We are forced to the con- 
clusion that fluctuations other than cathode shot effect 
are operating within the electron stream. Noise measure- 
ments on the grid currents have supported this view. A 
study of mechanisms for the generation of these fluctuations 
is in progress. 
~ 1E. W. Thatcher, Physics 6, 81 (1935). 

2? F. B. Llewellyn, Proc. Inst. Rad. Eng. 18, 243 (1930). 

52. A Universal Ion Source. Ltoyp P. Situ anp H. 
A. CaRLock, Cornell University —A dense electron beam 
arising from a large ring shaped disk indirectly heated 
cathode is focused by means of electrostatic lenses on a 
cup shaped target into which gas flows or solid material is 
placed which in turn is vaporized and ionized by the 
electron beam. The ions thus formed stream in a direction 
opposite to that of the electrons and are focused into a 
beam passing through the hole in the electron emitter by 
the same electrostatic lens system which focuses the elec- 
tron. Since the focusing is independent of the mass of the 
ions formed no further adjustments are required after the 
proper potentials have once been applied to the electro- 
static lenses. 








_ 
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53. New Type of Pressure Control and Indicator. T. J. 
KILLIAN, Luminous Tube Lighting Corporation, Seattle. 
A simple new type of electronic vacuum gauge has been 
developed which is extremely sensitive in any desired range 
either to indicate or control pressure. The device has no 
moving parts but consists of the element, for which the 
name baratron is proposed, sealed to the system, a variable 
impedance and a grid controlled tube. Two concentric 
glass cylinders with the inside of the inner tube and the 
outside of the outer tube coated with electrically conduct- 
ing material make a simple and at the same time sensitive 
baratron element. A study has been made of the operation 
of the device by means of probe electrodes and a cathode- 
ray oscillograph. Various uses are illustrated such as 
controlling the pressure within two percent for many 
thousands of hours in gaseous discharge lamps using an 
active gas such as carbon dioxide. 


54. New Materials for Glass-Metal Seals. A. W. HuLt, 
E. E. BurGer AND L. Navas, Research Laboratory, 
General Electric Co.—A careful study has been made of the 
thermal expansion of iron-nickel alloys, and a successful 
search for a glass to match one of these alloys. This new 
combination has certain advantages over the iron-nickel- 
cobalt combination previously described! in that the alloy 
is less oxidizable, less difficult to make, and less expensive; 
and the glass is softer and more easily sealed, while main- 
taining an equally low coefficient of expansion. A new glass 
is described which can be sealed directly to iron. The 
match is not perfect, but is better than that of most 
materials now in use; and the glass, though of very high 
expansion, appears to have good qualities. 





‘Hull and Burger, Physics 5, 384 (1934 


55. The Michelson-Morley Experiment in the Case of 
an Ideal Interferometer. W. B. CARTMEL, Université de 
Montréal.—In a preliminary report presented a year ago at 
Pittsburgh, it was shown that there is no fringe shift so 
great as v?/c? to be expected from this experiment, but only 
a shift proportional to v°/c*. On further investigation it was 
found that with an ideal interferometer v*/c* is still too 
much, and finally the expected fringe shift vanished 
altogether. This is in agreement with what was found by 
Righi and Hedrick. In 1920 Righi' proved from 
Huyghens’ principle that the effect in the arm of the 
interferometer at right angles to the ether-drift is exactly 
the same as that in the arm that lies along the direction of 
the drift, and in 1927 Hedrick? and Epstein deduced an 
equation showing that any shift of the fringes is inde- 
pendent of the orientation of the interferometer. The 


by 


present report covers a proof relating to the time of passage 
of a ray of light back and forth in the arm of the inter- 
ferometer, which, when along the direction of the drift, is 
easily shown to be 

v2 v4 
I+s+—:--]> 
if c* tf 


I shall show by direct calculation that the time of passage 
of a ray of light back and forth in the arm at right angles to 
the drift is also given by the sum of the above series, and 
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that therefore the effect being the same in both arms, no 
shift of the fringes whatever is to be expected. 


4. Righi, Comptes rendu 
2? E. R. Hedrick, Astroph 





s 170, 1550 (1920 
s. J. 68, 374 (1928 

56. The Vacuum-Cell Luminescence Microscope and 
Its Use in the Study of Luminescent Materials. Joun 
GatLup, RCA Manufacturing Co. (Introduced by L. B. 
Headrick.)—A type of luminescence microscope is 
described. Its use in the examination and comparison of 


new 


materials luminescing under electron bombardment in 
vacuum is explained. Fields of self-luminous particles are 
obtained of sufficient brightness to permit of satisfactory 
visual observation at magnifications up to 500. Good 


100 » 


with an exposure time of 2 minutes and ordinary film. In 


photomicrographs can be made at magnification 
the study of manganese-activated calcium silicates, this 
microscope has made possible the determination of some of 
the relationships which exist between color of luminescence, 
intensity of luminescence, and crystal form in the calcia- 
silica system. It has been determined that the low-tempera- 
lath 


shaped crystals, luminesces more brightly than any other 


ture form of calcium metasilicate, characterized by 


manganese-activated calcium silicate studied. The need for 
a thorough, wet mixing of ingredients in preparing lumi- 
nescent materials is strikingly indicated when uniformity, 
in color and intensity of luminescence is required. 


57. The Spectra of Phosphorus P V-P XII.* Howarp 
A. ROBINSON 
Scandinavian 


Langmuir Fellow), American- 
Physical Insiitute, Uppsala, 
Sweden.—Spectrograms using red phosphorus in a hot 


(Irving 
Foundation, 


spark discharge have resulted in the determination of many 
new lines in the higher spectra of this element. Two 
Siegbahn grazing incidence have 
available. From 1000A—100A a one-meter speculum metal 


spectrographs been 
grating having an approximate dispersion of 4A/mm in the 
first order has been used. A high resolving power five- 
meter glass grating ruled at this Institute has been used in 
the region from 100A-33A. The dispersion of this grating 
is approximately 0.35A/mm in the first order. Over 250 of 
the new lines in P VI-P XII have been determined by the 
use of this latter instrument, lines appearing as low as 35A. 
Preliminary classifications have resulted in a substantiation 
and extension of Millikan’s' data PV 
(Na I-like). The s, p, d term sequences have been followed 


Bowen and for 
to n=7 and the f sequences to n=6. The ground state 
separations are now known—by means of easily located 
ground state to low primed state multiplets or in some cases 
by certain of the ground state to 3d transitions—for the 
higher stages of ionization. The results are in good agree- 
ment with predictions of the irregular doublet law (where 
applicable) or with predictions based on the method of 


constant second differences. 


; *To be pend by title. 

' Phys. Rev. 25, 295 (1925 

58. The Third Spectrum of Xenon. C. J. HUMPHREYs, 
National Bureau of Standards.—The spectrum, Xe III, 
characteristic of Xe**, has been selected from the xenon 
spectra excited in a Geissler tube, on the basis of the 
suppression of lines originating in ions of higher stage than 
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the first by the insertion of varving amounts of inductance 
in the discharge circuit. Wave-length measurements based 
mainly on observations with the Rowland grating at the 
National Bureau of Standards extend from 2200 to 48900. 
About 250 lines have been classified arising from 76 levels of 
Xe III. The low states of Xe** are *P, 'D, and !S, due to 
the 5s*5p* configuration. The higher excited states are built 
upon the 4S, 2D, and ?P states of Xe*** by the addition of 
ns, np, or nd to the normal 5s*5* configuration. The 
identification of the experimental terms is nearly complete. 
In all cases permitted by the 7 selection rule, the odd levels 
are connected with the low 5s*5p* terms by combinations 
Boyce’s extreme 





occurring in the range covered by J. C. 
ultraviolet data. Numerous interlimit combinations permit 
precise determination of the relative term values. The 
absolute term values are arrived at from the estimation of 
the limit of the 5s*5p* («S)nd 5D®° series. The lowest 4s*4p* *P2 
level comes out accordingly 259,089 cm™ equivalent to an 
1. P. of 32.0 volts for Xe 


59. Spectroscopic Investigation of Discharges at High 
Gas Pressure. WILLIAM W. WATSON AND G. F. Hutt, Jr., 
Vale University.—Spectra of capacity discharges between 
electrodes of various metals in Hz, N2 and He at pressures 
up to 15 atmospheres have been examined at high dis- 
persion. A continuous spectrum which becomes in all cases 
very intense at pressures above 4 atmospheres serves as a 
background for absorption bands due to AIH, MgH, BeO, 
etc. The lines of the AlH 'IIl—' band at 4260A which are 
not affected by predissociation (J<15) are all uniformly 
shifted to the red (0.05 cm™ per atmos.) and symmetrically 
broadened (half-width 0.24 cm~ per atmos.) by about the 
same amount S-P 
resonance lines by Hz gas. Lines of 2-2 bands exhibit but 
slight pressure shifts; BeO ‘S'S band lines are shifted 
0.04 cm™ to the red per atmosphere of O2, with no de- 
pendence on K. Details of the pressure broadening of the Al 


as for the pressure broadening of 


resonance lines are presented. The great breadths and 
shifts of the maxima of these emission lines (largest for N2) 
are attributed principally to interatomic Stark effect and 
interactions with while the 
contours and pressure shifts of the self-reversals are about 
those expected if due to van der Waals forces between Al 


near-lying excited states, 


atoms and gas molecules. 


60. Pressure Effects of Foreign Gases upon Band Lines 
HENRY MARGENAU, Yale University.—Widths and shifts of 
molecular absorption lines, if caused by foreign gas 
pressures, are a measure of the strength of the interaction 
between the excited molecule and the normal foreign 
perturber. When the latter has a symmetrical charge 
distribution, the energy of interaction can be calculated 
with fair approximation; it is of the van der Waals type. 
Closer inspection then leads to the following conclusions: 
(a) Anomalously large broadening and correspondingly 
strong shifts occur when the excited molecule is capable of a 
downward (dipole) transition involving an energy which is 
nearly equal to that of a higher state of the perturbing 
molecule. (Quasi resonance.) (b) The usual effect produces 
a breadth and a shift only slightly larger than those found 
in atomic lines. Both are nearly independent of vibrational 
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and rotational quantum numbers; they are practically the 
same as would be expected for that atomic line to which a 
given band corresponds in type and energy. Theory 
predicts a slight but hardly measurable increase in line 
width with increasing vibrational and rotational quantum 
number. The preceding qualitative conclusions are 
partially confirmed in the experiments described in the 


foregoing abstract 


61. The Population of the Higher Excited States in a 
Cesium Discharge. F. L. Mounier, National Bureau of 
Standards.—The reversal temperatures of the principal 
series lines of cesium were measured by projecting the 
image of a strip lamp through a columnar discharge onto 
the slit of a spectrograph and measuring the lamp tempera- 
ture at which the lines match the background. This could 
be measured to the sixth doublet of the principal series for 
pressures between 76 and 350 microns and currents from 
0.5 to 2 amperes. The temperatures are in the range 2400 
to 1800°K. The temperature drops appreciably from the 
first to the third line but beyond is nearly constant. It 
increases with increasing current and decreasing pressure 
The number of in the excited state is 
Nn= Nign/gi exp (—En,1/kT) where T is the 
temperature, g’s are the weights and E the energy of the 
state. V, approaches a constant value for large values of » 
which ranges between 10* and 10’ per cm®* for the above 
conditions. The variation of 7 with pressure keeps N, 
nearly constant in the range studied. Measurements of the 
intensity of higher series lines in the diffuse series lead to 
values of N,, for D states if it is assumed that the transition 
The results are 


reversal 


atoms JN, 
reversal 


probability is proportional to mn 


not entirely consistent with- the temperature 


measurements, 


62. Optical Properties of LiF Crystals in the Near 
Infrared. R. BowLING BARNES AND LyMAN G. BONNER 
(National Research Fellow), Princeton University—The 
transmissions of various samples of LiF crystals have been 
determined in the region from lu to 154 by means of a 
rocksalt spectrometer. These results are compared with 
reflection measurements previously made by Korth from 
10u to 33u, and with transmission measurements of the 
characteristic vibration at 32.64 made by Barnes. Indi- 
cations of a complex absorption structure are given by the 
existence of many secondary maxima. This is in accordance 
with theoretical expectations. A single crystal of LiF 2.0 
mm thick is shown to be 75 percent transparent at 7x 


and opaque at 10x. 


63. Properties of Crystal Powders in the Far Infrared. 
Lyman G. BONNER (National Research Fellow) ANp R. 
BowLinG Barnes, Princeton University —The optical 
properties of a number of powdered cubic crystals have 
been investigated in the far infrared, between 34 and 126xz. 
The Christiansen transmission peaks, corresponding to the 
wave-length at which the refractive index of the crystal 
equals that of air, have been located for several crystals. 
In addition the region of the fundamental has been 
reexamined for each crystal and secondary maxima found 


on both sides of ». 
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64. Optical Investigation of Thin Gold Foils. R. SMoLu- 
CHOWSKI, The Institute for Advanced Study, Princeton. 
Measuring the light absorption in thin metal foils Smakula 
found consecutive maxima and minima of absorption 
coefficient which he indicated as connected with electronic 
levels (bands) in the metal lattice. Since this point of view 
does not seem to be satisfactory, new measurements have 
been made on thin gold foils in order to find another 
possible explanation of the effect. Special care has been 
taken to obtain reproducible foils which were made by 
A special 
obtained 


condensing gold vapor on thin glass plates. 
arrangement permitted the estimation of the 
thickness. The measurements have been carried out on a 
series of foils, varying from ‘‘colloidal” foils to good 
developed crystal layers, the different structures of the 
foils appearing in the shape of the absorption curve. The 
dependence of the observed maxima and minima of ab- 
sorption of light in the wave-length region 4800-6800A 
upon the thickness of the foils and the angle of transmission 
of the light beam seems to indicate that the origin of this 
effect is to be looked for in the grain structure of the surface 
of the foils, the grains themselves however being very 
different from uniform spheres as it was supposed in 
Mie’s theory of optical effects in colloids. 


65. Excitation Potential, Relative Intensity and Wave- 
Length of the Ka” X-Ray Satellite Line.* Lyman G. 
PARRATT, Cornell University.—With a two-crystal vacuum 
spectrometer, ionization curves of the Ka” satellite line 
have been recorded for elements S(16) to V(23). This 
satellite line, on the short wave-length side of and very 
close to the Ka, line, was observed in 1922 by Dolejsek 
and has been until now a forgotten line. The excitation 
potential of this satellite has been determined: The initial 
atomic state for its emission appears to be one of KM 
ionization. The Ke” intensity relative to the Ka, intensity 
varies with atomic number, reaching a maximum of 2.3 
percent at Ca(20). The Ka” 
been determined 
data are compatible with both the Wentzel-Druyvesteyn 
and the Richtmyer theories for the origin of this satellite 


wave-length positions have 


also for each element. The observed 


line. 


* To be called for after Paper No. 45 

66. Hypotheses for Photoelectric Emission Analysis.* 
W. B. NottincHaM, Massachusetts Institute of Technology. 

Fowler’s hypothesis for photoelectric sensitivity is ‘‘that 
the number of electrons emitted per quantum of light 
absorbed is . . . proportional to the mumber of electrons 
per unit volume of the metal whose kinetic energy normal 
to the surface augmented by hy is sufficient to overcome 
the potential step at the surface.’ This results in Fowler's 
universal function (Wa—hv)*. With 
DuBridge’s hypothesis, which differs from Fowler's by the 


multiplied by 


introduction of ‘‘the number of electrons striking unit area 
of the surface per second’ in place of the italics above, 
Fowler's function is obtained without the factor (W,—hyv)* 
but this is questionable dimensionally. A new hypothesis 


agreeing quite well with energy distribution data is that 
the number of electrons emitted per second per quanta 
absorbed per second is proportional to the number of 
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electrons striking the surface per second, whose kinetic 
energy normal to the surface augmented by /y is sufficient 
to overcome the potential step at the surface, multiplied 
by the time electrons of a given kinetic energy are ‘‘bound”’ 
in @ mirror image potential barrier. The transmission of 
these electrons over the barrier is assumed to be governed 


by the factor {1—exp (—p.2/2mw) |. (See abstract 49.) 


* To be called for after Paper No. 54 

67. A Formula for the Michelson-Morley Experiment.* 
W. B. CartMEL, Université de Montréal. 
at an exact solution of our problem in the case in which 


Having arrived 


the mirrors and rays are arranged with mathematical 
precision, it is a fairly simple matter to deduce the effect 
that would be produced when the mirrors only deviate by 
a small amount from this assumed disposition, because in 
a well-arranged interferometer the departure from mathe- 
matically exact adjustment is only slight. Using a simple 
geometrical construction I have deduced the following 
formula for the fringe shift: 
? 2 


2 ; v w 
é6F= [ «are + Na)(a—B) ~ cos 04+2(¢+a) — cos 26], 
c Cc” os 


in which @ and @ are angles between the normals to end 
mirrors A and B, and lines drawn at an angle of 45° with 
the plate, and @ is the angle of incidence. The fringe 
width is given by F=\/2(a—8). If ¢=a=8=0, we have 
an ideal interferometer in which case there is no fringe 
shift. If (6+a) equals zero, the ray meets the end mirror 
normally, the coefficient of the double frequency term is 
zero and there is no v?/c? effect. If (a—8) equals zero, the 
fringes are infinitely wide, also the single frequency term 
is zero. It may be shown that the above formula completely 
accounts for the results obtained by all those who have 
tried this experiment, from Michelson and Morley! down 
to Kennedy and Thorndike.? It accounts particularly well 
for the results obtained by Dayton C. Miller,’ because he 
has given his results in greater detail than anyone else 
The coefficient 2(¢+ a) can be shown to be equal to 1/400 
in Miller’s case, which accounts for his finding 1/400 of 
the expected fringe shift and 1/20 of the expected velocity. 


* To be called for after Paper No. 64 

' Phil. Mag. (5) 24, 449 (1887) 

? Phys. Rev. 42, 400 (1932) 

? Rev. Mod. Phys. 5, 203 (1933) 

68. Tracks of Atomic Cosmic-Ray Corpuscles in Photo- 
graphic Emulsions. T. R. WiLkins Anp H. Sr. HELENs, 
University of Rochester —On the photographic plates sent 
in the recent United States Army-National Geographic 
Stratosphere balloon a number of tracks have been found 
those made by photographic 


similar to alpha-rays in 


emulsions but of much greater length. The longest track so 
far found has about 350 grains in the track compared with 
about 33 produced by a 7.8 million electron volt Ra C’ 
alpha-ray in the emulsion used. In some cases there are 
ejected proton tracks branching from the main track. 
Studies of the temperature coefficient of the response of a 
photographic emulsion to alpha-rays' and of the relative 
responses of an emulsion to alpha-rays and protons make it 
possible to distinguish between the tracks of these two 


particles and to estimate the energy of a particle even if 
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the whole track is not recorded. Since it is impossible to 
make this distinction from cloud chamber photographs it 
will be seen that the emulsion method offers a very im- 
portant new tool for the study of cosmic rays. A special 
stereoscope has been developed for viewing the tracks in 
three dimensions so that correct measurements can be 
made on the average grain spacing which is about 1.54 for 
alpha-rays and 2.24 for protons for 5-10 MEV energies. 
The increase of these separations with the energies of the 
particles and with a lowering of temperature have to be 
considered in the interpretation of the tracks. The long 
track (350 grains) is interpreted as due to an alpha- 
particle of about 100 MEV energy. The track was hori- 


zontal. 


S. E. Sheppard, T. R. Wilkins, E. P. Wightman and R. N. Wolfe, in 


69. Protons As Primary Cosmic Rays. W. F. G. SWANN, 
The Bartol Research Foundation of the Franklin Institute. 
It has been suggested that the primary cosmic rays found 
at sea level are almost exclusively protons. Now a charged 
particle is characterized by the fact that its ionization 
increases enormously towards the end of its range, so that, 
in the case of protons and alpha-particles large and 
measurable spurts of ionization should be produced in 
relatively short distances by those rays which are ending 
their journeys. If r is the distance from the end’ of the 
range to the point where the ionization per centimeter of 
path is o, then, the fraction of the rays which, passing 
through a length Z of a vessel containing gas at pressure p, 
produced therein spurts of ions greater in number than 
Lpo, is (1—e™"). The assignment of a lower limit to the 
spurts which can be measured determines ¢, and so r, 
through the aid of Bethe’s theory; and, it becomes possible 
to calculate how many such spurts should be observed if 
the primary rays are protons. With the lower limit of 
measurement taken as 54,000 ions it is calculated that 
about one spurt per hour equal to or greater than this 
amount should be observed in a vertical cylinder of length 
15.2 cm, and cross section of the area 45.6 cm*. Measure- 
ments later to be reported have been made by C. G. and 
D. D. Montgomery, W. E. Ramsey and the writer, with 
the result that less than ten percent of the calculated 
number of spurts have been observed. The conclusion is 
that the primary cosmic rays cannot be protons, and that if 
protons are to be admitted at all, they must function in 
some such manner as that implied in a former theory by 
the writer, viz., through the production of secondary rays 
which then become the entities actually observed by our 


counters. 


70. A Quantitative Study of the Improvement of Specu- 
lum Gratings by the Application of Aluminum. ALFRED B. 
FockE, Brown University—Tests made on a clean concave 
speculum metal grating show that if the surface is coated 
with aluminum by evaporation, the time required to 
obtain a photograph of a spectrum is reduced by a factor 
which is the ratio of the reflection coefficient of aluminum 
to that of the speculum metal. The speed of the original 
grating was increased for the given wave-lengths by the 


following amounts: 4077 A—45 percent, 3341 A—80 percent 
and 2536A—170 percent. In preliminary tests the observed 
increase in speed was very much greater than indicated by 
these values, since the initial tests were made before the 
grating had been sufficiently cleaned. 


71. On the Dual Nature of Instruments. EUGENE W. 
PIKE, Scott Paper Co., Chester, Pa.—I\n applied physics 
instruments have a dual function. They serve as a means 
of identifying identical materials or structures, and of 
correlating similar structures; they also serve to define 
the forms of the concepts in terms of which one may 
think about the material under consideration. The re- 
quirements made by these two functions on the con- 
struction of an instrument are usually antithetical. As a 
result instruments defining simple concepts are often 
physically unrealizable, while the simple instruments of 
the empirical technical man define incredibly complex 
concepts. The examples given include a_ preliminary 
analysis of tensile rupture testing into somewhat simpler 


concepts. 


72. The Absorption of Neutrons Slowed Down by Paraf- 
fin at Different Temperatures. P. N. Powers, G. A. FINK 
AND G. B. PEGRAM, Columbia University.—Several at 
tempts have been made to detect experimentally the 
difference between the velocity distribution of neutrons 
traversing cold paraffin from that with the paraffin at room 
temperature.'~* We place a Rn-Be source in a howitzer- 
shaped block of paraffin with a central plug to scatter fast 
neutrons out of the direct beam to the Li-lined ionization 
chamber used as a detector. Measurements were made of 
the absorptions of various materials with the paraffin at 
room temperature and at liquid-air temperature, but with 
the source kept near room temperature. The results 


expressed in terms of ‘nuclear cross section’”’ are given in 


Table I. The increase in cross section may be most easily 


TABLE I 


Cross SECTION (X 10-™% cm*) PERCENT 

MATERIAL 300° K 95°K CHANGI 
Cd 2800 3000 7 
B 540 690 26 
Rh 125 175 40 
HgO 445 605 36 
\g 55 75 35 
Paraffin 42 45 7 
LiF 69 91 34 
Gd 22200 27700 25 
Sm 4300 4400 ] 


explained by the fact that the neutrons stay longer in the 
vicinity of the nuclei. The magnitude of the change is in 
agreement with the results of other investigators on 
temperature effects, and, in the cases of Cd and Ag, with 
the results of experiments with revolving disks.® 


1 Amaldi, d’Agostino, Fermi, Pontecorvo, Rasetti, Segré. Proc. Roy. 
Soc. A149, 522 (1935). 

2? Moon and Tillman, Nature 136, 904 (1935). 

3 Westcott and Niewodniczanski, Proc. Camb. Phil. Soc. 31, 617 
(1935). 

‘Fink, Dunning, Pegram and Mitchell, Phys. Rev. 49, 103 (1936 

5 Rasetti, Segré, Fink, Dunning and Pegram, Phys. Rev. 49, 104 
(1936). 
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